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ENGLISH SUMMARY 
To prevent future energy crisis and tackle the problems of climate change, modern 
society must promote a radical evolution in our energy systems. The building sector, 
and in particular its heating needs, have clearly been identified as one of the main 
targets for the reduction of the global energy usage. In addition, buildings are a key 
actor for the development of renewable energy sources. 
The main objective of this research study is to investigate and demonstrate the 
possibility of integrating a magnetocaloric heat pump in a single-family house under 
Danish weather conditions. Moreover, the study includes a numerical analysis to 
increase the understanding of the heating energy flexibility potential of residential 
buildings using thermal storage in the indoor environment. 
The magnetocaloric heat pump is an innovative technology employing the 
magnetocaloric effect of certain materials in active magnetic regenerator 
thermodynamic cycles generating a heat transfer from a heat source to a heat sink. 
Numerical investigations performed in this study demonstrated that this device can 
be implemented in a low-energy residential building in Denmark and provide for its 
indoor space heating needs. When coupled to a ground source heat exchanger and a 
radiant under-floor heating system in a single hydronic loop, the magnetocaloric 
heat pump can operate at maximum capacity with an appreciable coefficient of 
performance of 3.93. A control strategy taking advantage of the building heating 
energy flexibility potential has been developed for optimum operation of the 
magnetocaloric heating system in a multi-zone dwelling. The thermal energy is 
stored in the indoor environment, which allows a shift and a concentration of the 
heating loads in time and thus a maximization of the heat pump full-load operation 
time. Consequently, the maximum average coefficient of performance of the 
magnetocaloric heating system ranges from 2.90 to 3.51, which is comparable with 
conventional vapour-compression heat pumps. 
More generally, energy flexibility strategies can be employed to adapt the energy 
usage of buildings to the grid requirements. They can therefore help to control Smart 
Energy Grids dominated by intermittent renewable energy sources. Among these 
strategies, the thermal energy storage in the built environment by means of indoor 
temperature set point modulation was found to be a cost-effective solution. This 
research study focussed on heating energy flexibility potential of residential 
buildings in Denmark. This energy flexibility is defined here as the ability of a 
dwelling to shift its heating use in time by accumulating and retrieving thermal 
energy. The numerical analysis showed that even though effective thermal inertia 
determines the maximum heat storage capacity of the building, the insulation level 
of the envelope sets the storage efficiency and is the most important building 
parameter with respect to heating energy flexibility potential. Well-insulated 
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dwellings can thereby shift heating loads over long periods of time and poorly 
insulated buildings can only shift heating use over short periods of time. However, 
the latter can move a total amount of energy four times larger than high-insulation 
houses and thus have a larger impact on the energy grids. 
This research project has also looked into the influence of additional thermal mass 
from indoor content items and furniture elements on the building thermodynamics 
and heating energy flexibility potential. Passive latent heat thermal storage solutions 
such as phase change materials integrated in wallboards or in furniture elements 
were found to significantly increase the total effective heat storage capacity of light-
weight structure buildings. Moreover, it was demonstrated that assuming the indoor 
space to be an empty volume is not appropriate for dynamic energy simulations of 
houses with low structural thermal inertia. Transient thermal behaviour, building 
time constant, total heat storage capacity and therefore heating energy flexibility can 
be significantly influenced by the presence of indoor content and furniture in the 
built environment. To address that matter, this study reviewed the different methods 
for modelling items and furnishing elements present in the building indoor space. In 
addition, suggestions were made for choosing material characteristics of these 
indoor content elements. 
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DANSK RESUME 
For at forhindre en fremtidig energikrise og håndtere problemerne ved 
klimaforandring er det moderne samfund nødt til at fremme en radikal evolution af 
vores energisystemer. Byggesektoren og i særdeleshed dennes varmebehov er blevet 
tydligt identificeret som et af hovedmålene i reduktionen af det globale 
energiforbrug. Desuden er bygninger en hovedaktør for udviklingen af vedvarende 
energikilder.  
Hovedformålet for denne afhandling er at undersøge og påvise muligheden for at 
integrere en magnetokalorisk varmepumpe i et enfamiliehus under danske 
vejrforhold. Ydermere inkluderer afhandlingen en numerisk analyse for at øge 
forståelsen af potentialet for varmeenergifleksibilitet for boliger der bruger 
varmeopsamling i indeklimaet.  
Den magnetokalorisk varmepumpe er en innovativ teknologi, der anvender en 
magnetokalorisk effekt af bestemte materialer i termodynamiske kredsprocesser som 
benytter aktiv magnetisk regeneration og genererer varmeoverførsel fra en 
varmekilde til et varmeskjold. De numeriske undersøgelser der er udført i denne 
afhandling påviser, at dette apparat kan implementeres i en lavenergibolig i 
Danmark og sørge for dennes indendørs varmebehov. Når den er sammensluttet med 
et jordvarmeanlæg og et gulvopvarmningssystem i et enkelt vandbaseret kredsløb 
kan den magnetokalorisk varmepumpe operere på et maksimalt niveau med en 
mærkbar præstationskoefficient på 3.93. Der udvikles en kontrolstrategi der udnytter 
potentialet for varmeenergifleksibilitet i bygningen til optimal drift af det 
magnetokalorisk varmesystem i en multi-zone bolig. Den termiske energi opbevares 
i indeklimaet, hvilket muliggør et skift og en koncentration af varmebelastninger i 
tid og derved en maksimering af varmepumpens fuldlasttimer. Derfor rangerer den 
maksimale gennemsnits præstationskoefficient af de magnetokalorisk 
varmesystemer fra 2.90 til 3.51, hvilket er sammenligneligt med konventionelle 
varmepumper med dampkompression. 
Mere generelt set, så kan strategierne for energifleksibilitet anvendes til tilpasse 
energiforbruget i bygninger til energinettets funktion krav. De kan derved hjælpe 
med kontrollen af Smart Energinet der domineres af irregulære vedvarende 
energikilder. Blandt disse strategier blev det afgjort, at den termiske 
energiopbevaring i det menneskeskabte miljø ved hjælp af modulering af 
indetemperatur setpunkt er en rentabel løsning. Denne afhandling fokuserede på 
potentialet for varmeenergifleksibilitet for boliger i Danmark. Denne 
energifleksibilitet defineres her som værende boligens evne til at skifte dens 
varmeforbrug i tid ved at akkumulere og hente termisk energi. Den numeriske 
analyse viste, at selv om effektiv termisk træghed bestemmer den maksimale 
varmeopbevaringsevnen i boligen, så fastsætter isolationsniveauet for enheden 
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effektiviteten af opbevaringen og er det vigtigste bygningsparameter hvad angår 
potentiale for varmeenergifleksibilitet. Boliger der er godt isolerede kan derved 
skifte varmebelastninger over lange tidsperioder og dårligt isolerede boliger kan kun 
ændre varmeforbrug over korte tidsperioder. Dog kan det sidstnævnte flytte en total 
energimængde fire gang større end højisolerede huse og derved have større 
indvirkning på energinettet.   
Denne afhandling har ligeledes undersøgt indflydelsen af yderligere termisk masse 
fra indendørs elementer og møbelelementer på bygningens termodynamik og 
potentialet for varmeenergifleksibilitet. Løsninger til termisk opbevaring af passivt 
latent varme så som faseændrings materialer der er integrerede i vægplader eller i 
møbelelementer viste sig at øge kapaciteten for den totale effektive 
varmeenergiopbevaring for bygninger af letvægtsstruktur. Ydermere blev det påvist, 
at hvis man antager indendørsarealet er af tom volumen er det ikke passende til 
dynamiske energisimulationer af huse med lav strukturelt termisk træghed. 
Kortvarig termisk opførsel, byggetidskonstant, total varmeopbevaringskapacitet and 
derved varmeenergifleksibilitet kan blive betydeligt påvirket af tilstedeværelsen af 
indendørs elementer og møbler i det menneskeskabte miljø. For at henvende til 
denne sag har afhandlingen inkluderet gennemgang af forskellige metoder for 
modellering af genstande og møbelelementer i boligens indendørsareal. Desuden 
kommes der med forslag til valget af materialekarakteristika for disse indendørs 
elementer. 
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PREFACE 
In the last year of my engineering studies at the National Institute of Applied 
Sciences of Rennes (France), I had the opportunity to come to Denmark. I was very 
enthusiastic about living in another place, exploring a different culture and getting 
to learn about a country which is well known for being one of the happiest in the 
world and highly committed to improve its sustainability. I obviously liked it very 
much as this one-year Erasmus exchange was followed by six years of work in 
Denmark. 
I really enjoyed the work and life conditions, the team work and the problem based 
approach for learning at Aalborg University. Courses are engaging and students are 
very much implicated in research projects conducted by motivated professors. This 
made me gain a great interest in the world of scientific research. After obtaining my 
Master’s Degree in Civil Engineering, I was given the chance to continue working 
at Aalborg University and start my professional scientific career as research 
assistant/laboratory engineer and then Ph.D. fellow. 
We often hear that it is at the end of your Ph.D. that you know how you should have 
conducted your Ph.D. This is probably true. The scientific research is a long 
learning process. You actually never finish learning. That is what makes it so 
exiting. A Ph.D. project is so much more than just three or four years of academic 
work. For most of us, it is the first time that we are fully responsible for such a long 
term project. It is an intense life experience, an ambitious adventure, and definitely 
not a normal job. A lot of time and efforts are required. A lot of frustration and 
anxiety are generated. This feeling of being lost in the middle of an ocean of 
knowledge and scientific publications. The first year of Ph.D. is not easy. The 
second year is probably worst. Fortunately, after months of work, guided by my 
supervisor, supported by my friends and colleagues, I have managed to complete 
my scientific investigations and publish my first papers. 
This Ph.D. thesis is a great accomplishment for me, and a major milestone in my 
scientific career. This Ph.D. project has challenged me and has deeply changed me 
(hopefully for the best). I have chosen the research field of energy efficiency for 
sustainable buildings because I truly think it can have a major positive impact on 
our society and our environment. I am very proud of contributing modestly to make 
our buildings more sustainable, comfortable and healthy, to develop innovative 
efficient energy systems, and therefore make this world a better place to be for the 
current and future generations. 
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NOMENCLATURE-ABBREVIATIONS 
cA : Cross sectional area [m²] 
sa : Specific surface area [m²/m³] 
AMR: Active magnetic regenerator 
ANOVA: Analysis of variance 
c: Specific heat capacity [J/kg.K] 
Hc : Specific heat capacity of a magnetocaloric material at constant 
magnetic field [J/kg.K] 
CAD: Computer-aided design 
CFD: Computational fluid dynamics 
COP: Coefficient of performance [-] 
hd : Hydraulic diameter [m] 
DRY: Danish reference year weather data 
F: Building energy flexibility index [%] 
FDM: Finite difference method 
FVM: Finite volume method 
GSHE: Ground source heat exchanger 
H: Internal magnetic field [Tesla] 
HVAC: Heating ventilation and air conditioning 
k: Thermal conductivity [W/m.K] 
LHTES: Latent heat thermal energy storage 
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fm : Fluid mass flow rate [kg/s] 
MCE: Magnetocaloric effect 
MCHP: Magnetocaloric heat pump 
MCM: Magnetocaloric material 
Nu: Nusselt number [-] 
P: Pressure [Pa] 
PCM: Phase change material 
PEX: Cross-linked polyethylene 
PI: Proportional Integral controller 
Q: Thermal power [W] 
Vq : Volumetric heat source [W/m³] 
RC: Thermal Resistance-Capacitance 
RES: Renewable energy sources 
s: Specific entropy [J/K] 
t: Time [sec] 
T: Temperature [K] 
TABS: Thermally activated building system 
TES: Thermal energy storage 
U-tube: Pipe with a U-shape 
U-value: Thermal transmittance of a building element [W/m².K] 
UFH: Under-floor heating 
VCHP: Vapour-compression heat pump 
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W: Power use [W] 
x: Axial position in the regenerator [m] 
 
Greek symbols 
Δδ: Finite control volume thickness [m] 
Δt: Simulation time step size [sec] 
ε: Porosity of the regenerator bed [%] 
ε-NTU: Effectiveness-Number of Transfer Unit 
 : Density [kg/m³] 
 
Other symbols 
%High: Percentage of the yearly thermal energy used during high energy 
price periods [%] 
%Medium: Percentage of the yearly thermal energy used during medium energy 
price periods [%] 
 
Subscripts 
compressor: Compressor of the conventional vapour-compression heat pump 
disp: Axial dispersion 
f: Fluid coolant 
heating: Heating power delivered by the heat pump 
magnetic: Magnetic field generated by the two-pole magnet assembly 
motor: Motor driving the rotation of the rotor of the magnetocaloric heat 
pump 
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pressureloss: Pressure losses in the hydronic circuit and in the regenerators 
pump: Hydraulic circulation pump 
ref: Reference case for the calculation of the building energy flexibility 
index 
s: Solid refrigerant magnetocaloric material 
stat: Static 
system: Entire heating system including heat pump, ground source and 
under-floor heating 
valve: Solenoid valves regulating the flow in the regenerators 
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CHAPTER 1. INTRODUCTION 
1.1. GENERAL BACKGROUND AND PROBLEMATICS OF THE 
CURRENT ENERGY SITUATION 
Following the coal-driven industrial revolution of the 19
th
 century, the oil-fuelled 
machines radically changed the face of the world during the 20
th
 century; reshaping 
our civilizations and economical systems. Unfortunately, the era of seemingly 
endless cheap fossil fuels is now over. If these carbonated combustibles have greatly 
contributed to the development and prosperity of the previous generations, they have 
now become the burden of the 21
st
 century. 
It has been well established that our addiction to fossil fuels causes climate change, 
global warming, sea level rising, ocean acidification, more occurrences of extreme 
weather event [1], various forms of pollution [2], and geopolitical tensions [3]. 
These result in increase of diseases [4], premature deaths [5], decline of food 
production [6][7], ecological and economical disasters [8], energy supply insecurity 
[9], massive migrations [10] and enhanced risks of armed conflicts [11]. 
Moreover, our planet is a finite volume and fossil fuels (including nuclear fissile 
fuels) will necessarily come to an end. If our societies keep the same enormous 
appetite for these energy resources, it is quite certain that they will be depleted 
within the next couple of centuries [12]. At that point, only renewable energy 
sources (RES) will be left, and countries still relying on fossil fuels will then 
inevitably be struck by a major energy crisis. 
 
Figure 1-1: In few centuries from now, fossil fuels will be depleted and only 
renewable energy sources will be left [Courtesy of Vestas Wind Systems A/S]. 
INTEGRATION OF A MAGNETOCALORIC HEAT PUMP IN ENERGY FLEXIBLE BUILDINGS 
24
 
However, the Earth’s climate has already reached a tipping point. If the greenhouse 
gas emissions are not drastically reduced within the next few decades, dramatic and 
possibly irreversible climate changes will occur. We cannot postpone further the 
decarbonification of our energy systems without exposing our societies to pay a 
much greater cost in the near future [1]. 
In order to address all these problems and enable a brighter future for the upcoming 
generations, a radical paradigm shift is needed in our way of producing, transporting 
and using energy. Fortunately, policymakers are reaching global agreements [13] 
and financing research and development projects aiming for a large deployment of 
renewable energy sources. It is reassuring to observe that increasing public support 
is shown towards efficiency strategies intending to decrease our fossil fuel 
dependency and overall energy needs [14]. 
 
Figure 1-2: Global renewable electricity production by region over the recent 
years: historical and projected (Courtesy of © OECD/IEA) [15]. 
 
1.2. BUILDING SECTOR: A KEY TARGET FOR A SUSTAINABLE 
ENERGY DEVELOPMENT STRATEGY 
The cleanest energy is the one you do not need to supply. Any long-term strategy for 
a transition towards low-carbon societies requires significant global energy savings. 
In most countries, the building sector is the largest energy end-user. It accounts for 
nearly one-third of the worldwide final energy use and it is responsible for about 
one-third of the global CO2 emissions [16]. In Europe, buildings are even more 
predominant: they represent more than 40% of the total final energy needs, followed 
by transportation with 33% [17]. Moreover, indoor space heating accounts for nearly 
70% of the European building energy needs and a large share of it can be cut down 
[17]. The building sector has therefore been clearly identified as a key target for 
reaching essential energy and environmental objectives [18]. 
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Buildings’ envelope performance must be increased and efficiency of space heating 
systems and other heating/ventilation/air conditioning (HVAC) equipment must be 
improved to meet the goals of sustainable low-energy buildings with comfortable 
and healthy indoor environment. This is technically possible but it requires 
considerable investments, together with a serious implication and coordination of 
the policymakers and the different actors of the building sector. However, return on 
investment resulting from energy savings and healthy built environment are 
expected on the medium and long-term [16]. 
A general tightening of the building energy regulations towards the Zero Energy 
Building concept [19] can be observed for new constructions (see Figure 1-3). 
Nevertheless, the renewal of the building stock is only about 1% per year. In 2050, it 
is thus estimated that more than half of the current building stock will still be 
standing. It is therefore vital to conduct an extensive renovation campaign for 
improving the envelope performance of the existing buildings and swap 
conventional fossil fuel heating systems for RES [20]. 
 
Figure 1-3: Evolution of the building energy regulation in Denmark (the yearly 
space heating need is assessed with an indoor temperature set point of 20 °C) [21]. 
 
1.3. ENOVHEAT PROJECT: DEVELOPMENT OF AN INNOVATIVE 
MAGNETOCALORIC HEAT PUMP 
As mentioned before, major attention should be given to energy savings in heat 
production for buildings (indoor space heating and domestic hot water supply). 
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Studies have found that heat pumps are among the best heating supply solutions 
with regards to greenhouse gas emissions, energy efficiency, integration of RES and 
total costs for countries with heating dominated climate such as Denmark, Germany 
or the United Kingdom [22][23][24]. 
Heat pump systems are mechanical devices which transfer thermal energy from a 
cold reservoir with low exergy (heat source) to a warmer environment with higher 
exergy (heat sink). This heat transfer is performed by employing heating/cooling 
thermodynamic cycles (typically a vapour-compression cycle). Most of the 
conventional heat pumps are electrically driven and can operate with a high 
coefficient of performance (COP), usually ranging from 3 to 5 [25][26]. 
The great benefits of the heat pump technology have generated a large public 
interest. It became a key component of the energy development strategies in many 
countries. The heat pump market is therefore very vigorous with a rapid increase of 
installed units over the last decade and significant growth perspectives in the 
upcoming twenty years [27]. Consequently, industries and research groups strive to 
design new cost-effective technical solutions to market. In that sense, the 
ENOVHEAT project [28] aims at developing, building and testing the prototype of 
an innovative heat pump device based on the active magnetic regenerator (AMR) 
principle (see Figure 1-5). The heat transfer is performed here by cooling/heating 
thermodynamic cycles generated from the reversible magnetocaloric effect of the 
materials used as solid refrigerants (the magnetocaloric materials). Due to the 
reversible nature of the magnetocaloric effect, the AMR technology has great 
potential for high COP. Moreover, magnetocaloric devices have the advantage of a 
more silent operation, an absence of greenhouse or toxic gases, and the potentiality 
for recycling the magnets and the magnetocaloric materials (MCM) [29]. 
 
Figure 1-4: Logo of the ENOVHEAT project [28]. 
 
Magnetocaloric heat pumps (MCHP) have some undeniable assets. However, they 
have yet to prove their competitiveness in building applications compared to mature 
technologies such as conventional vapour-compression heat pumps (VCHP) [30]. 
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The main objective of the ENOVHEAT project is thus to demonstrate that a MCHP 
can be integrated in a building and provide for its heating needs. 
Residential buildings account for 75% of the total European building stock surface 
area, among which 64% are single-family houses [17]. Therefore, the ENOVHEAT 
project focusses on developing a machine which can supply the necessary heat 
power to sustain indoor space conditioning of low-energy single-family dwellings 
under Danish weather conditions. The MCHP is thus solely used for indoor space 
heating, excluding domestic hot water production. This restriction is due to the fact 
that domestic hot water production requires a higher temperature span, which is out 
of the scope of the current project. Nevertheless, the ENOVHEAT project is the first 
one aiming at demonstrating the viability of the AMR devices for the heat 
production in buildings. It is an encouraging starting point for further development 
of this promising technology [31]. 
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Figure 1-5: CAD model of the magnetocaloric heat pump prototype of the 
ENOVHEAT project: “MagQueen” [32]. 
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1.4. BUILDING ENERGY FLEXIBILITY 
Concerning the energy production, a global trend emerges among the current and 
future national energy development strategies. Most countries in the world have 
planned a large expansion of their RES. A vast deployment of wind and photovoltaic 
power is foreseen in numerous European countries [32]. In Denmark, for instance, 
wind power is expected to cover 50% of the annual energy needs in 2020. In 2050, 
Denmark aims at being completely fossil fuel free and covering its entire energy 
needs with RES [34]. 
Apart from hydroelectric dams, the main problems of RES are the intermittence of 
their production and their lack of power modulation. The important expansion of 
these intermittent RES may thus induce a serious mismatch between instantaneous 
energy use and production (see Figure 1-6). This can significantly compromise the 
stability of electrical grids, causing overloading of power lines and transformers, or 
provoking harmful voltage and frequency fluctuations [35]. Similarly, district 
heating networks with a large share of intermittent RES can also suffer from these 
instabilities [36]. 
 
Figure 1-6: Illustration (fictitious) of the mismatch between instantaneous power 
demand and renewable energy production (mostly wind power) in Denmark. 
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To tackle the aforementioned problems, increasing efforts have been dedicated to 
develop a Smart Energy Grid technology able to bear a 100% renewable energy 
system [37]. The coupling of electrical grids, thermal grids, gas grids, various 
energy storage solutions, electric transportations, industries and buildings within a 
smart metering and control network system can allow a fine management of the 
energy demand and RES-dominated production. Demand side management 
strategies can thus help to reduce the mismatch between instantaneous power 
demand and renewable energy production. Diverse kinds of energy storage system 
and load shifting solution can be ingeniously employed to accumulate or 
overconsume energy when there is an overproduction of it, and retrieve or conserve 
energy when there is a shortage of it. Peak shaving and load shifting can be 
performed accordingly to modulate the power usage profile and make it fit with the 
requirements of the energy grids (see Figure 1-7) [38]. 
 
Figure 1-7: Example of demand side management strategy with peak shaving and 
load shifting. 
 
In that context, the building sector operates a paradigm shift. As mentioned before, it 
is the largest energy end-user. In addition, buildings can modulate their own energy 
usage to a certain extent. Consequently, the building stock should not be perceived 
as a simple passive consumer anymore, but on the contrary, it should be considered 
as a major interactive actor. It has great potential for adjusting and shifting its power 
use, but also storing and sometimes producing energy (building prosumers), in order 
to facilitate the management of the grids and compensate for the RES intermittence 
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[38]. Buildings can reshape their energy use profile by means of thermal storage in 
hot water accumulation tanks or in the indoor environment and building structure 
[39], electricity storage in the batteries of electric vehicles and charging scheduling 
[40], power output adjustment of HVAC systems, or electrical plug-load shifting 
[41]. These various demand side management measures are commonly denominated 
as “Building Energy Flexibility” strategies [38]. 
1.5. OBJECTIVES OF THE THESIS 
The framework of the ENOVHEAT project includes several different work-
packages focusing on particular aspects of the magnetocaloric heat pump 
technology. Various theoretical, numerical and experimental investigations have 
been carried out on the following topics: 
• Development, characterization and modelling of the magnetocaloric effect 
in new magnetocaloric material compounds. 
• Design of optimum permanent magnet assemblies. 
• Enhancement of the heat transfer between the magnetocaloric material and 
the coolant fluid in the active magnetic regenerator. 
• Development and test of the general design of the entire magnetocaloric 
heat pump. 
• Modelling of the heat pump system and study of its different 
configurations. 
• Integration of the magnetocaloric device in a building as a heating system 
with efficient control strategy. 
Although all the work-packages are connected and collaborating closely with each 
other, the research study presented in this thesis is targeting the last aforementioned 
topic. This Ph.D. project especially addressed the challenges related to the 
integration of the ENOVHEAT magnetocaloric heat pump in a low-energy house in 
Denmark, and the development of an efficient control strategy using the heating 
energy flexibility potential of the building. 
The main objective of this research study is to numerically demonstrate that this 
magnetocaloric device can be used as an efficient space heating solution for single-
family Danish houses with good insulation level. Investigations are carried out to 
determine how to integrate and operate this innovative heat pump into a house 
heating system, and what is the impact of the building design on the MCHP 
performance. In addition, researches are conducted to increase knowledge about the 
influence of the main building parameters on the heating energy flexibility potential 
of a dwelling using thermal storage in the indoor environment. 
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1.6. THESIS OUTLINE 
Chapter 1 exposes the background and challenges of this research topic and the 
objectives of this Ph.D. research project. 
Chapter 2 provides a literature review regarding the operating principles of the 
magnetocaloric heat pump technology and the influence and modelling technics of 
the indoor content thermal mass for building thermal storage. 
Chapter 3 presents the different models of the magnetocaloric heat pump, HVAC 
and building systems used in this study. 
Chapter 4 investigates the influence of the main building characteristics on its 
heating energy flexibility potential for thermal storage in the indoor space and 
structural elements. 
Chapter 5 details how to integrate the magnetocaloric heat pump in a low-energy 
dwelling and discusses the performance of this innovative heating system when 
controlled with a building energy flexibility strategy. 
Chapter 6 provides general conclusions drawn from the current research study. 
Chapter 7 gives recommendations for further research work on the topics of this 
Ph.D. project. 
Appendix A-F contains the collection of the published journal and conference 
articles, the journal articles currently under review and a published technical report 
which refer to the research study.
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CHAPTER 2. LITERATURE REVIEW 
This chapter presents a literature review about two major topics of this research 
project: the operating principles of the magnetocaloric heat pump technology and 
the influence and modelling technics of the indoor content thermal mass for building 
thermal storage. 
2.1. MAGNETOCALORIC HEAT PUMPS 
The operation principle of the magnetocaloric heat pump is firstly introduced and 
then followed by an historical summary of the magnetocaloric effect and 
magnetocaloric devices. 
2.1.1. OPERATION PRINCIPLE OF THE MAGNETOCALORIC HEAT 
PUMP 
Most of the conventional heat pumps and air-conditioning units are based on 
vapour-compression irreversible thermodynamic cycles (see Figure 2-1). 
 
Figure 2-1: Temperature – Entropy diagram of an ideal vapour-compression cycle. 
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In recent years, there was an increasing interest for the magnetocaloric effect (MCE) 
applied to near room-temperature cooling as an interesting alternative to 
conventional vapour-compression systems. In the ENOVHEAT project, the MCE is 
used to develop a magnetocaloric heat pump for building space heating. In this 
innovative device, the heat transfer is thus generated from the MCE employed to 
perform several magnetic cooling/heating cycles, also known as the active magnetic 
regenerator (AMR) cycles (see Figure 2-2) [31]. 
 
Figure 2-2: Temperature – Entropy diagram of an active magnetic regenerator 
cycle. 
 
The magnetocaloric effect is a reversible temperature change experienced by a 
magnetic substance (the magnetocaloric material) when subjected to adiabatic 
magnetization or demagnetization (see Figure 2-3) [29]. The reversible 
magnetization (applying a magnetic field) of the MCM leads to a decrease of its 
magnetic entropy and consequently an increase of its temperature. Reciprocally, the 
demagnetization (removing a magnetic field) of the MCM induces an increase of its 
magnetic entropy and thus a decrease of its temperature. This MCM is therefore 
used here as a solid refrigerant exhibiting a thermal response when the applied 
magnetic field varies. There are various types of magnetocaloric materials and 
compounds. They present a specific maximum magnetocaloric response at their 
respective ferro-to-paramagnetic phase transition occurring at the so-called “Curie 
temperature”. The reference material for the MCE at room-temperature is 
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Gadolinium [31]. Comprehensive explanation of the magnetocaloric effect, 
materials and systems can be found in the publications of Smith et al. [29] and 
Kitanovski et al. [42]. 
 
Figure 2-3: Example of adiabatic temperature change due to the magnetocaloric 
effect (magnetization from 0 to 1 Tesla in gadolinium) [29] 
 
As mentioned before, the active magnetic regenerator cycle is at the core of the 
magnetocaloric heat pump operation for performing heat transfer from the heat 
source (cold side) to the heat sink (hot side). The magnetocaloric solid refrigerant is 
contained as a porous media in a regenerator casing. The latter allows bi-directional 
circulation of the coolant fluid transferring the thermal energy from the cold side to 
the hot side of the AMR device. The MCM is alternatively magnetized and 
demagnetized with an external magnetic field source such as a rotating permanent 
magnet [31]. 
One can see in Figure 2-4 the details of the AMR cycle. At the beginning of the 
cycle, no magnetic field is applied but there is already a temperature gradient over 
the regenerator length resulting from the previous cycles: Figure 2-4(a). The cycle 
starts with an adiabatic magnetization of the MCM leading to a decrease of the solid 
refrigerant entropy and a temperature increase over the length of the regenerator: 
Figure 2-4(b). An isomagnetic heat transfer is then performed by circulating the 
coolant fluid from the cold side to the hot side of the AMR (cold-to-hot blow). The 
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hotter fluid rejects the heat to the heat sink and the regenerator is cooled down at 
constant magnetic field: Figure 2-4(c). The magnetic field is removed and the 
regenerator is subjected to an adiabatic demagnetization inducing an increase of the 
MCM solid refrigerant entropy and a temperature decrease over the length of the 
regenerator: Figure 2-4(d). At the end of the cycle, the fluid is moved back from the 
hot side to the cold side of the AMR (hot-to-cold blow) under zero-magnetic field, 
re-heating the bulk of the regenerator (heat regeneration process): Figure 2-4(e). 
Once the heat transfer fluid and the magnetocaloric refrigerant reached local thermal 
equilibrium, the temperature distribution across the regenerator length is the same as 
at the initial state of the AMR cycle Figure 2-4(f) [31]. The active magnetic 
regenerator cycle is described in more detail in the articles of Engelbrecht et al. [43] 
and Lei et al. [44]. 
Due to the reversible nature of the magnetocaloric effect, the AMR-based 
magnetocaloric heat pump has great potential for high COP. Moreover, this 
innovative device has the benefit of a more silent operation, an absence of 
greenhouse or toxic gases, and the possibility for recycling the magnets and the 
magnetocaloric materials at end-of-life [29]. 
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Figure 2-4: Active magnetic regenerator cycle consisting of four processes: (b) 
adiabatic magnetization; (c) cold-to-hot blow; (d) adiabatic demagnetization; (e) 
hot-to-cold blow [31].  
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2.1.2. HISTORY OF THE MAGNETOCALORIC TECHNOLOGY 
The magnetocaloric effect was discovered in 1918 by Weiss and Piccard who 
observed for the first time that a reversible change in temperature occurs in nickel 
when a strong magnetic field (1.5 Tesla) is applied in the vicinity of the Curie 
temperature (354 °C) [29][45]. The phenomenon was later explained 
thermodynamically by Weiss et al. [46] and Debye [47] in 1926. Debye [47] and 
Giauque [48] suggested that the magnetocaloric effect could be used for very low 
temperature cooling applications. By the mid-1930s, magnetocaloric cooling was a 
standard laboratory technique to achieve absolute temperatures below 1 K [49]. 
In 1935, Urbain et al. [50] discovered that Gadolinium presents a Curie temperature 
(maximum MCE) which is near room-temperature. However, it was only in 1976 
that Brown experimentally demonstrated that a magnetocaloric device using 
Gadolinium as refrigerant could be used near room-temperature applications [51]. In 
1982, Barclay and Steyert developed and patented the active magnetic regenerator 
cycle [52]. In this new configuration, the MCM is employed for its MCE adiabatic 
temperature change but also as a thermal regenerator. It thus allowed a 
simplification of the magnetocaloric device together with a significant increase of 
the total temperature span above the temperature change of the MCE alone [29]. 
This active magnetic regenerator design is considered to be the most 
thermodynamically efficient for magnetocaloric heat pump devices [53]. It has 
therefore been the founding principle of almost all the following magnetocaloric 
cooling and heating systems ever since [29]. 
Then the magnetocaloric technology rapidly gained popularity and several research 
laboratories started building and testing their AMR prototypes. In 1998, Zimm et al. 
[54] reported COPs above 6 for a near room-temperature magnetic refrigerator using 
superconducting magnets. More recently, other research groups have investigated 
the performances of AMR near room-temperature cooling prototypes using 
permanent magnets. In 2012, Engelbrecht et al. [43] presented a rotary AMR device 
operating with a no-load temperature span of 25.4 K and a maximum cooling 
capacity of 1010 W. Rotary devices have either their regenerators or magnets 
spinning around an axis to generate the alternating magnetic field. This 
configuration is an interesting evolution from the early AMR design using a 
translation motion [52]. In 2013, a Japanese research team reported the 
performances of a device operating at a COP of 2.5 with a temperature span of 5 K 
[55]. In 2014, Jacobs et al. presented a prototype achieving 2502 W of cooling 
power with a 12 K temperature span and a COP above 2. Moreover, the device 
could reach up to 3042 W of cooling power at a zero-temperature span [56]. In 
2016, several research groups have published the performances of their 
magnetocaloric devices. A maximum zero-span cooling power of 150 W, a 
maximum no-load temperature span of 12 K, and a thermal load of 80.4 W for a 
COP of 0.54 and a temperature span of 7.1 K were reported at the Federal 
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University of Santa Catarina [57]. A maximum no-load temperature span of 11.9 K 
and a maximum COP of 2.5 for a thermal load of 200 W were reported at the 
University of Salerno [58]. A research laboratory at the Technical University of 
Denmark tested and presented an AMR device capable of reaching 81.5 W of 
cooling power with a COP of 3.6 and a 15.5 K temperature span [30]. 
This research topic gains ever-increasing attention encompassing specific aspects 
and sub-components of the AMR devices with aim to improve their design and 
performance. In line with this, new magnetocaloric materials and compounds are 
developed characterized and modelled [59][60]. Among other things, the use of 
nanofluids is tested to improve heat transfer in the regenerators [61], the 
configurations of the permanent magnets are optimized [62][63], and different 
regenerator geometries are developed to enhance heat transfer to the coolant fluid 
and minimize pressure losses at the same time [64][65][66]. Finally, novel designs 
and configurations of the magnetocaloric machines are created to improve the 
overall operation performances and reduce parasitic losses in the system [30][57]. 
All these considerations have been taken into account for the development of the 
ENOVHEAT magnetocaloric heat pump prototype which is tested in this research 
project. 
 
For further information, please refer to Appendix C. Paper III: “Integration of a 
magnetocaloric heat pump in a low-energy residential building”. 
 
2.2. ADDITIONAL THERMAL MASS OF THE INDOOR CONTENT / 
FURNITURE AND PHASE CHANGE MATERIALS FOR 
BUILDING THERMAL ENERGY SOTRAGE 
Interest is growing for accurate building energy assessment, prediction of indoor 
overheating, demand side management strategies, building energy flexibility 
measures, thermal energy storage (TES) in the indoor space, model predictive 
control, etc. All these topics need accurate dynamic simulation tools for building 
energy and indoor environment calculation. When modelling a building, the main 
parameters such as envelope properties, structural thermal inertia, solar gains, 
infiltration rate, etc, are always taken into account. However, the indoor space is 
very often assumed to be an empty volume, which is not the case for an occupied 
building in the real world. Indoor content items, such as furniture elements, are often 
ignored because of the complexity and variety of their shapes and material 
properties. This simplification can lead to noticeable errors when simulating 
transient indoor environment and building thermodynamics. This chapter firstly 
reviews several publications showing the importance of considering indoor content / 
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furniture in building simulations. Different modelling technics of the indoor content 
found in the literature are then presented. Finally, insight is given about phase 
change materials (PCM) and their integration in the indoor space for TES purpose. 
2.2.1. IMPACT OF THE INDOOR CONTENT / FURNITURE ON THE 
BUILDING THERMODYNAMICS AND INDOOR ENVIRONMENT 
Items contained in the indoor space but which are not part of the walls, ceilings and 
floors, are often ignored in building simulations. Furnishing elements, clothes, 
books, indoor plants, appliances, decoration accessories, etc, come in various shapes 
and are made of very different materials (wood, plastic, metals, ceramics, stone, 
textile, paper, polymer foam, etc) with very different thermophysical properties. 
They are usually not described in the building blue prints and therefore generally 
disregarded in building simulations. This simplification is suitable for basic energy 
calculations with constant boundaries conditions, but it can be problematic if one 
wants to accurately simulate the dynamics of buildings [67]. 
Most of the publications related to the influence of the indoor content and furniture 
on the built environment are focused on the indoor air quality and the chemical 
compounds emission from furnishing materials [68]. Other publications emphasize 
the significant impact of interior partitions, furniture elements and other indoor 
items on daylight conditions [69] and building acoustics [70]. However, the 
following review focuses on the indoor thermal comfort, the building thermal 
dynamics and energy issues. 
Mortensen et al. [71] experimentally demonstrated the significant impact of the 
furnishing elements positioned near cold walls on local indoor micro-climate 
increasing the risks of condensation inside buildings. Yang et al. [72] performed a 
full-scale experiment to assess the moisture buffering ability of the furniture in 
rooms. They indicated that the presence of furnishing elements could decrease the 
indoor humidity variation by up to 12%. Because of their important effective surface 
areas, indoor items can hold a large amount of water vapour and increase the 
moisture buffering capacity of the room by up to 54.6%. Computational fluid 
dynamics (CFD) analysis pointed out that furniture elements can strongly interact 
with ventilation and air-conditioning emitters and can thus induce complex flow re-
circulations leading to high local air velocities, air jet obstruction or local draft 
[73][74]. 
Furnishing, carpets and interior decoration elements are positioned directly on the 
internal surfaces of the rooms. Because their large surface area screens the 
construction element beneath them, they can significantly change the radiative and 
convective heat exchange conditions, which can decrease the efficiency of radiant 
heating and cooling systems [75]. Zhao et al. [76] conducted numerical and 
experiment tests showing the interaction of chairs and benches with radiant floor 
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cooling system exposed to high solar load in a high-ceiling building. The surfaces 
shadowed by the furniture were local cold spots which had their cooling power 
reduced by 83% and presented high risks of moisture condensation. Similarly, 
Corcione et al. [77] numerically demonstrated that furniture in buildings could 
significantly decrease the heat transfer efficiency of radiant floor heating systems 
and thereby affect the indoor operative temperature. Fontana [78] corroborated these 
conclusions with small-scale experimental setups. The author concluded that a 40% 
furniture cover of the radiant floor heating surface can reduce its heat transfer to the 
room by up to 30%. 
Concerning the building thermal dynamics, some researches emphasized the 
significant role of the furniture thermal mass in the total effective thermal inertia of 
the building. Antonopoulos and Koronaki [79] calculated that furniture accounts for 
7.4% of the total effective thermal inertia of a typical Greek house. Moreover, their 
numerical simulations showed that this additional furniture thermal inertia can 
increase the building time constant by up to 15%. Wolisz et al. [80] conducted 
numerical investigations about the significance of modelling furniture and floor 
cover when simulating a building with dynamic indoor temperature set points. The 
results showed that the temperature increase can be delayed by up to 7 hours for a 
fully furnished room compared to an empty one. In addition, the furnishing and floor 
covering can change the cool-down time by up to 2 hours when using periodic set 
point modulation. After conducting a survey in some Danish buildings, Johra et al. 
[67] calculated that indoor content items and furniture elements can represent up to 
40% and 36% of the total hourly effective thermal inertia of a light-weight and 
heavy-weight structure building, respectively. Moreover, it can account for up to 
28% and 11% of the total daily effective thermal inertia of a light-weight and heavy-
weight structure building, respectively. 
One can see from this literature review that the empty room assumption might not be 
suitable for accurate dynamic building simulations. It is important to consider the 
modelling of the indoor content and furniture elements in the built environment. 
This research study addresses that issue by integrating the indoor items in its 
building models and evaluating their impact on the building time constant and 
heating energy flexibility potential. 
2.2.2. MODELLING INDOOR CONTENT / FURNITURE THERMAL MASS 
The first problem with modelling indoor space content and furniture is that no clear 
guideline can be found about their quantification and their thermophysical 
characteristics. To tackle this problem, Johra et al. [67] conducted a simple survey 
on 6 bedrooms, 3 living rooms and 3 single office rooms in different Danish 
buildings. Systematic mass and size measurements together with material 
identifications were performed for each piece of indoor content. The objective of 
this survey was to propose a reasonable range of values for the quantity and 
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characteristics of the indoor content elements. The thermophysical properties of 4 
representative material categories and an equivalent fictitious indoor content 
material are presented in Table 2-1. The suggested average value of each parameter 
is followed by the lower and higher bounds in parentheses. 
Table 2-1: Properties of the representative indoor content material categories [81]. 
 
 
Different modelling technics can be found in scientific publications attempting to 
account for indoor content in building simulations. There are presented hereafter in 
increasing level of detail and complexity. 
First order RC network building model 
Thermal networks, also known as Resistance – Capacitance (RC) network models, 
are commonly used to simulate an entire thermal zone of a building in a simple way. 
The simplest RC model contains x resistances and only 1 capacitance (xR1C). The 
single capacitance aggregates all the effective thermal inertia of the thermal zone, 
including indoor air volume, interior partition walls, envelope elements and the 
additional thermal mass of the indoor content and furniture. Therefore, the 
assumption is made that the entire thermal mass is isothermal at all time and with 
constant thermal resistance coefficients. One can find the description of a 5R1C 
model in the ISO standard 13790:2008 [82]. 
Higher order RC network building model 
The dynamic behaviour of the simple xR1C network can be improved by 
dissociating the thermal mass elements with dissimilar thermal diffusivities and 
model them independently with several distinct lumped capacitance nodes. The 
construction elements and the air volume of the indoor space can be separated to 
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create a xR2C model. The RC network can then be expended further by increasing 
the number of resistances and capacitances (xRyC) and segregating the thermal mass 
from internal partition walls, envelope walls or heavy concrete structural elements. 
The additional thermal mass from indoor content and furniture can then be merged 
with different lumped capacitances. If it is assumed that the indoor content items are 
isothermal and in thermal equilibrium with the indoor air, then their thermal inertia 
is added to the thermal capacitance of the indoor air node [83][84]. On the other 
hand, if it is assumed that the indoor air and the indoor content are not isothermal, 
the latter can be included in the thermal capacitance of the inner surface envelope 
walls or in the interior partition walls [83][85]. The internal thermal mass node can 
be subdivided further more into a 2R2C sub-network to take into account its 
temperature inhomogeneity. 
Distinct capacitance for thermal mass of indoor content / furniture 
The thermal diffusivity, surface heat exchange coefficient and Biot number of the 
indoor content / furniture elements may significantly differ from the ones of the 
other internal surfaces of a room. Therefore, the indoor items, the indoor air node 
and the other building elements can present significant temperature differences. This 
would justify a separate modelling of the indoor content with a dedicated lumped 
capacitance. In the TRNSYS software, an additional fictitious furniture thermal 
capacitance node can be added to the star network scheme for convection / radiation 
heat exchange calculations [84]. It is a non-geometrical heat balance calculation 
where no specific location is set for the fictitious element. Therefore, no real 
calculation for solar radiation distribution and long-wave radiation heat exchange is 
performed here. However, a proper equivalent surface area for the fictitious indoor 
content element must be stated. This can be done with a simplified calculation 
method provided by the ISO standard 13790:2008 [82]. Alternatively, a new method 
has been proposed by Li et al. [86] to lump the indoor content items with irregular 
shapes into a single capacitance thermal node with an adequate equivalent surface 
area. 
Equivalent virtual sphere model 
In RC models, each capacitance thermal node represents a sub-system which is 
assumed to be isothermal. It is a reasonable assumption if the Biot number of these 
elements is smaller than 0.1. However, this is not the case for most of the indoor 
content items [67]. Consequently, the lumped capacitance method is not appropriate 
to accurately model the thermal dynamics of the additional indoor thermal mass 
[87]. Gao et al. [88] and Zhou et al. [89] suggested the use of the virtual sphere 
method to overcome that problem. The different shapes of the indoor items are 
aggregated into a single sphere with a radius calculated as the characteristic length 
of the equivalent element. An effective convection heat transfer coefficient is used to 
account for the temperature inhomogeneity in the equivalent element. This 
modelling method is suitable for Biot numbers ranging from 0 to 20, which typically 
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fits all indoor content items [67]. However, no radiation heat exchange is taken into 
account. 
Equivalent virtual planar element model 
A common modelling technic for the indoor content items is to aggregated them all 
into a single equivalent planar element [79][80][87][90][91]. This equivalent slab is 
assumed to be made of a single homogeneous representative material with constant 
thermal properties. The thickness of the planar element is considered negligible 
compared to its length and width. Consequently, the heat transfer by conduction and 
the temperature profile within the slab are assumed to be one-dimensional. One can 
thus easily calculate the thermodynamics of this system with a 1-D finite difference 
method (FDM) or finite volume method (FVM) formulation. The main limitation of 
this modelling technic is that the planar element does not have a geometric 
representation or a location in the thermal zone. Therefore, the calculations of the 
internal solar distribution and the long-wave radiation heat exchange do not take the 
presence of the slab into account. 
Equivalent geometric planar element model 
Raftery et al. [92] have implemented in the Energy Plus software an equivalent 
planar element model with space location and geometric representation. The 
presence and geometry of the slab is thus fully accounted for the computation of the 
direct and diffuse internal solar repartition. The presence of the planar element is 
also taken into account for the radiosity calculation of the view factors used for the 
computation of the long-wave radiation heat exchange and the mean radiant 
temperature. Shading on the inner surfaces is modelled accordingly which improves 
the realism of the radiant systems’ behaviour. 
Detailed explicit furniture model 
The aforementioned modelling methods aggregate all the indoor content / furniture 
elements into a single equivalent object. It can be justified because of the unknowns 
about the characteristics of an occupied building content and the great complexity to 
represent it in details. Nonetheless, some CFD [73][74] and daylight [69] numerical 
studies used very detailed representations of the interior environment with explicit 
locations and geometries of the items inside buildings. In the field of building 
energy simulation, a library of indoor content items such as chairs, tables, 
bookcases, light fittings, stairs, etc, has been developed by Hand [93] for the ESP-r 
software. The elements have realistic geometries and thermophysical properties, and 
can be placed precisely in the indoor environment. Internal solar radiation 
distribution, surface shading and view-factors are computed accordingly without 
restriction on the geometric complexity. 
In the case of this research study, it is chosen to model the indoor content / furniture 
elements with an equivalent virtual planar element in each thermal zone of the 
building. 
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2.2.3. PHASE CHANGE MATERIALS FOR BUILDING THERMAL 
ENERGY STORAGE IN THE INDOOR ENVIRONMENT 
Common building materials subjected to normal conditions (conditions which are 
commonly encountered in the built environment) do not experience major change in 
their micro-structure at ambient temperature. Therefore the variation of internal 
energy induced by temperature change is correlated to their specific heat capacity. 
These materials store thermal energy as “sensible heat”. On the other hand, some 
materials operate a phase transition near ambient temperature and can thus store 
thermal energy as “latent heat” with a limited temperature variation. These materials 
are commonly named “phase change material”. The most famous PCM is water, 
which has a phase transition occurring at 0 °C. The following discussion is restricted 
to PCM with solid-liquid phase transition taking place at temperatures ranging from 
10 °C to 60 °C, which are the most commonly used for building thermal storage 
applications [67][94]. 
In recent years, PCMs became popular among the scientific community striving to 
develop new thermal energy storage systems for buildings. Indeed, latent heat 
thermal energy storage (LHTES) systems using PCM have a volumetric heat storage 
capacity which is 5 to 14 times more important than sensible heat storage materials 
like water or concrete [95]. Several publications investigated the integration of PCM 
in hot water storage tanks to improve the performance of heat pumps [96] and solar 
water heating systems [97]. Concerning passive LHTES, most researches focused on 
the integration of PCM in construction elements offering a large surface of exchange 
with the indoor environment such as inner surfaces of walls, ceilings and floors. 
Several experimental studies showed that PCM wallboards are easy to install and 
present significant potential to insure indoor temperature stability, reduce risks of 
overheating, and lessen cooling and heating peak loads [98][99][100][101]. The 
incorporation of PCM into concrete has also been tested experimentally. The results 
showed that no significant amount of PCM can be properly integrated in concrete 
without serious mechanical deterioration and large decrease of thermal conductivity, 
which limits the overall effective thermal inertia [102]. PCMs can also be directly 
integrated in between glazing panes to create translucent windows. Because of the 
semi-transparent properties of certain PCMs, this system can provide a source of 
natural light where there is no need for direct visual contact to the outdoor 
environment. The PCM is therefore directly activated by solar radiation, insuring a 
maximum use of its latent heat storage capacity [103]. Internal shutters and solar 
protections integrated in façade windows can also comprise PCM to store thermal 
energy during the day and release it to the indoor environment during the night 
[104][105]. Finally, some research and development groups suggested that the large 
surface area of the furniture elements could also be employed to integrate PCM. 
This solution could therefore increase the effective thermal inertia and heat storage 
capacity of the built environment without the need for construction work 
[67][81][106][107]. 
INTEGRATION OF A MAGNETOCALORIC HEAT PUMP IN ENERGY FLEXIBLE BUILDINGS 
46
 
 
Figure 2-5: General categorization of phase change materials [67]. 
 
Relevant phase change materials for LHTES application in buildings can be 
classified into three main groups: organic, inorganic and eutectics (see Figure 2-5). 
Among them, paraffins, fatty acids, salt hydrates and their eutectic mixtures appear 
to be the most suitable for passive TES in the indoor environment [67]. The qualities 
of a good PCM for such purpose are listed hereafter: 
• Melting / solidification temperature within the range of human’s thermal 
comfort: 19 °C - 25 °C (see Figure 2-6). 
• High volumetric latent heat of phase transition for maximum storage 
density. 
• High specific heat capacity to provide additional sensible heat storage. 
• High thermal conductivity of both liquid and solid phase for high activation 
and fast charging/discharging of the PCM. 
• Small volume change between the liquid and solid phase and low vapour 
pressure to avoid containment failure. 
• Congruent melting and reversible phase transition for stable storage 
capacity over time. 
• High nucleation to avoid sub-cooling of the liquid phase. 
• Non-corrosive to the containment materials. 
• Non-flammable, non-explosive and non-toxic. 
• Low-cost with possibility for recycling at end-of-life. 
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Figure 2-6: Compilation of phase change materials thermal properties found in the 
literature: latent heat of phase transition as function of temperature of phase 
transition [67]. 
 
The most interesting PCMs with a phase transition temperature suitable for TES in 
the indoor environment present a maximum latent heat between 200 J/g and 250 J/g. 
However, there are a number of methods to tune the chemical composition of a 
given PCM in order to shift its phase transition temperature. The main limitation of 
the PCMs is due to their low thermal conductivity. Fortunately, the incorporation of 
highly conductive particles, metallic foams or carbon nanostructures can 
significantly improve the global thermal conductivity of PCMs. Organic PCMs such 
as paraffins and fatty acids present a very good chemical and thermal stability with 
congruent melting and limited or no sub-cooling. On the contrary, inorganic 
products such as salt hydrates suffer from cycling instability, sub-cooling and high 
reactivity to metals [67]. 
According to this literature review, it appears that organic PCMs are the most 
appropriate solutions for near-room TES application in buildings. Consequently, the 
well-known Energain® [109] stable form PCM is chosen as study case for the 
thermal storage in the indoor environment strategy of this research study. This 
commercial product is composed of 60 %mass micro-encapsulated paraffin (organic 
PCM) incorporated in a polyethylene matrix (40 %mass). 
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For further information, please refer to Appendix A. Paper I and Appendix B. Paper 
II: “Influence of internal thermal mass on the indoor thermal dynamics and 
integration of phase change materials in furniture for building energy storage: A 
review” and “Numerical analysis of the impact of thermal inertia from the furniture 
/ indoor content and phase change materials on the building energy flexibility”. 
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CHAPTER 3. MAGNETOCALORIC HEAT 
PUMP AND BUILDING SYSTEMS 
MODELS 
This chapter presents the characteristics of the ENOVHEAT magnetocaloric heat 
pump prototype and the different building study cases used in these numerical 
investigations. In addition, a detailed description of the building systems and MCHP 
models is provided together with information about the validation process of the 
latter. 
3.1. CHARACTERISTICS OF THE MAGNETOCALORIC HEAT 
PUMP 
The ENOVHEAT magnetocaloric heat pump prototype is a rotary active magnetic 
regenerator device (see Figure 3-1). 13 active magnetic regenerators are mounted on 
an iron ring constituting the vertical stator. 
 
Figure 3-1: Detailed description of the magnetocaloric heat pump prototype of the 
ENOVHEAT project: “MagQueen” (section view) [32]. 
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A two-pole magnet assembly, composed of 28 permanent magnet elements for each 
pole, is placed on the vertical rotor (see Figure 3-2). The latter is connected to an 
electric motor by a shaft. The rotation of the magnets creates a varying magnetic 
field in the regenerators with a maximum value of 1.46 Tesla. The rotation 
frequency of the device can vary from 0.5 Hz to 2 Hz. 
 
Figure 3-2: CAD model of the two-pole magnet assembly. 
 
The MCM solid refrigerant is Gadolinium. The prototype contains a total of 2.8 kg 
of it. The MCM is arranged as packed bed spheres (450 μm diameter) inside the 
trapezoidal shaped-cassette regenerators (see Figure 3-3). An epoxy layer holds the 
packed bed spheres in place. 
 
Figure 3-3: CAD model of the regenerator for the magnetocaloric heat pump 
prototype (dimensions are indicated in millimeters) [31]. 
 
The 13 magnetic active regenerators are connected to 2 manifold collectors and 2 
manifold distributors. One collector and one distributor are on the cold side of the 
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regenerators and similarly on the hot side (see Figure 3-4). For each of the 
regenerators there are two solenoid valves: a low pressure valve on the stream 
towards the hot side manifold collector and a low pressure valve on the stream from 
the hot side manifold distributor. The valves are synchronized with the position of 
the magnet via an absolute encoder. They allow bi-directional circulation of the heat 
transfer fluid (20%vol ethylene glycol and 80%vol water) through the individual 
MCM porous media beds [31]. A single centrifugal pump circulates the coolant fluid 
from the heat source to the heat sink (maximum volumetric flow rate of 2100 L/h) 
[110]. 
 
Figure 3-4: Schematic of the hydronic circuit of the magnetocaloric heat pump 
prototype. 
 
3.2. NUMERICAL MODELLING OF THE MAGNETOCALORIC 
HEAT PUMP 
The foundation for the modelling of the ENOVHEAT magnetocaloric heat pump 
prototype is the original dynamic one-dimensional numerical model of an AMR 
system created by Engelbrecht [111][112] and further developed by Lei et al. [65]. 
Some reasonable assumptions on the regenerator’s geometry, external heat losses 
and demagnetization losses are made. Heat losses inside the regenerator due to 
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internal axial conduction are accounted for. Heat losses through the external walls of 
the regenerators are neglected. Losses from the demagnetization are calculated by 
determining the internal magnetic field in the magnetocaloric refrigerant. To that 
matter, an average demagnetization factor (which has been found to be 0.58) is used 
for the entire regenerator bed which is assumed to be a rectangular solid. The 
demagnetizing field effect is implemented in the model as described by Engelbrecht 
et al. [113]. The time-dependent fluid temperature distribution in the AMR can thus 
be calculated with the two following coupled partial differential equations: 
 disp
f f f f
c f f s c f s
h f
f
c f f
T T Nuk mP
k A m c a A T T
x x x d x
T
A c
t


   
    
    



 
(Equation 3-1) 
 
 
 
stat
Nu
1
s
fs
c s c f s
h
s s
c s H s
T
kT
k A a A T T
x x d
T s H
A c T
t H t
 
  
  
  
    
     
     
 
(Equation 3-2) 
 
Where k, T,  , c and s are the thermal conductivity, temperature, density, specific 
heat, and specific entropy; 
cA , hd , sa , ε, x, t , fm , and H are the cross sectional 
area, hydraulic diameter, specific surface area, porosity of the regenerator bed, axial 
position, time, fluid mass flow rate and internal magnetic field; /P x   and Nu are 
the pressure drop and the Nusselt number. The subscripts f and s represent fluid and 
solid refrigerant, respectively. dispk  is the thermal conductivity of the fluid due to 
axial dispersion, 
statk  is the static thermal conductivity of regenerator and fluid, and 
Hc  is the specific heat capacity of the MCM at constant magnetic field [31]. The 
Nusselt number, dispk  and statk  are calculated using correlations which are 
described in detail by Nielsen et al. [114]. An implicit finite volume method scheme 
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is used to solve these equations within the MATLAB software environment [115]. 
This numerical model has been successfully validated by Lei et al. with 
experimental data from an AMR prototype [116]. 
However, this detailed AMR model is too computationally demanding for the 
purpose of entire building simulations. The magnetocaloric heat pump operates 
relatively fast and its output can thus rapidly reach a quasi-steady state within about 
a minute. The detailed MCHP model is used to generate around 1600 quasi-steady 
state output points mapping the variation of the 4 input variables: operation 
frequency, volumetric fluid flow rate, cold side temperature input and hot side 
temperature input. The MCHP operation is thus approximated by several 5-
dimensional lookup tables compiling the output data points and providing fluid 
temperatures, heating and cooling powers, COP, magnetic work and fluid pressure 
losses through the regenerators as functions of the inlet fluid temperatures, operation 
frequency and fluid mass flow rate to the heat pump. The lookup tables are native 
MATLAB-Simulink block functions. The simplified MCHP model can thus be run 
with very little computation time, making it adequate for building simulations with a 
time step size of 60 seconds. 
Apart from the AMRs themselves, the additional components of the magnetocaloric 
heat pump are modelled in a simple way. The average electrical power consumption 
of the set of valves has been measured directly on the ENOVHEAT prototype. The 
average total power usage of the 26 solenoid valves is 63 W. It should be noted that 
some heat generated by the operation of the solenoid valves would be absorbed by 
the coolant fluid on the hot end of the AMR. This would slightly increase the 
heating power of the magnetocaloric device. Nevertheless, this heat surplus is very 
limited. Therefore, neglecting it is a conservative assumption to avoid over 
estimation of the system’s performance. The magnetic work of the MCHP is 
employed to calculate the electrical power use of the device’s motor with the 
assumption that the efficiency factor of the latter is equal to 0.65. The work of the 
hydraulic circulation pump is modelled with a polynomial function fitting the 
operation data provided by the pump manufacturer [110]. 
 
For further information, please refer to Appendix C. Paper III: “Integration of a 
magnetocaloric heat pump in a low-energy residential building”. 
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3.3. BUILDING STUDY CASES 
Within the framework of the ENOVHEAT project, a multi-zone building model has 
been created with the MATLAB-Simulink software environment in order to 
numerically study the integration of a magnetocaloric heat pump in a residential 
building. This building model is also used for investigating the heating energy 
flexibility potential of dwellings in Denmark. 
3.3.1. ENOVHEAT PROJECT STUDY CASE FOR THE INTEGRATION OF 
A MAGNETOCALORIC HEAT PUMP IN HOUSES 
A single-story dwelling with 126 m² of heated floor surface area is chosen as base 
study case for this research project (see Figure 3-5) [21]. This detached house has a 
typical geometry of modern single-family residential buildings in Denmark. 
 
Figure 3-5: Plan view of the house study case [21]. 
 
The house has been designed to have a yearly indoor space heating needs of 16 
kWh/m². It thus fulfills the low-energy requirements of a newly built dwelling “class 
2020” of the Danish building regulation [117]. Moreover, it almost reaches the 
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“Comfort House” level [118]. The main building parameters of the house study case 
can be found in Table 3-1. 
Table 3-1: Parameters of the building base case study [31]. 
 
 
With regards to the integration of heat pump systems for space heating in Danish 
dwellings, the most energy efficient configuration is to couple a ground source heat 
exchanger (GSHE) as high temperature heat source with a water-based (hydronic) 
radiant under-floor heating (UFH) system as low temperature heat sink [119]. The 
water-based brine heat transfer fluid is chosen to be 20%vol ethylene glycol and 
80%vol water, which is commonly used for GSHE, heat pump and UFH 
installations. 
Two different types of ground heat source are considered: a horizontal ground 
source loop and a vertical borehole. The two GSHE collectors are designed and 
sized according to manufacturer's technical guidelines [120] and international 
standards [121][122]. The soil and underground where the GSHE collectors are 
located are assumed to be composed of humid clayey sand (typical case in 
Denmark) with the following properties: density of 1900 kg/m³, thermal 
conductivity of 1.5 W/m.K, specific heat capacity of 1400 J/kg.K. The grouting 
material is assumed to have the following properties: density of 1500 kg/m³, thermal 
conductivity of 1.4 W/m.K, specific heat capacity of 1670 J/kg.K. Consequently, the 
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horizontal GSHE is sized to be a 194 m long single collector with a serpentine 
layout. It is composed of PEX pipes with 33 mm inner diameter and 40 mm outer 
diameter. The collector pipes are placed at a depth of 1.5 m under the ground 
surface. The spacing between the pipe legs is 1.5 m. The collector covers a total 
ground surface area of 291 m². The vertical borehole GSHE is a single collector 
consisting of a double U-tube pipe. It is composed of PEX pipes with 37 mm inner 
diameter and 44 mm outer diameter. The borehole has a depth (vertical length) of 
100 m and a diameter of 160 mm. The spacing between the 2 U-tube legs is 80 mm. 
The borehole collector has a total pipe length of 200 m. 
The water-based radiant under-floor heating system is designed according to 
manufacturer's technical guidelines [123] and international standards [124][125]. 
The UFH hydronic loops are composed PE-Xa pipes with 13 mm inner diameter and 
16 mm outer diameter. They are embedded in a 100 mm thick concrete screed, 60 
mm below the top surface. The spacing between the pipe legs is 300 mm. 
For the sake of comparing the performance of the MCHP with a conventional 
reference heating system, a water-to-water vapour-compression heat pump is 
implemented in the same building study case with the same UFH system and GSHE. 
The VCHP has characteristics similar to the model TWM036 of ClimateMaster® 
[126]. With a nominal fluid flow rate of 2052 L/h in both heat source and heat sink, 
this heat pump has a heating power output of 8.28 kW with a COP of 4.51 (heat 
source at 5 °C and heat sink at 35 °C). A 250 L hot water storage tank, 3 circulation 
pumps (hydraulic circulation pumps Grundfos ALPHA2 L 15-40 [127]) and a 
mixing valve are added to form the reference heating system (see Figure 3-6). The 
hot water tank temperature is regulated by an ON/OFF controller connected to a 
temperature sensor placed at the top third of the tank and with a temperature set 
point of 35 °C. 
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Figure 3-6: Integration of a conventional vapour-compression heat pump with 
ground source heat exchanger, hot water storage tank and water-based radiant 
under-floor heating system [21]. 
 
The outdoor weather boundary conditions such as air and ground temperature, solar 
radiation, atmospheric pressure, wind speed and direction, cloud cover, relative 
humidity and long wave radiation from the sky are extracted from the national 
reference Danish weather file DRY 2013 [128]. The house is thus considered to be 
located in an open field around Copenhagen. It is assumed that 4 persons are 
occupying the house according to a fixed weekly schedule. The equipment and 
people load time profiles are based on typical people occupancy and equipment 
usage schedule for a residential house in Denmark [129]. 
3.3.2. BUILDING CASES FOR THE STUDY OF BUILDING ENERGY 
FLEXIBILITY IN DANISH DWELLINGS 
The aforementioned building configuration is used as basis to elaborate the study 
cases for the numerical investigations on the heating energy flexibility of dwellings 
and the control of the MCHP with an energy flexibility strategy. 
As the influence of structural thermal inertia, additional indoor content thermal 
mass, envelope insulation level and type of heating system are investigated, a total 
of 144 different versions of the house base case are generated with variations of 
these four building parameters. 
Two categories of building envelope performance are considered; namely, low-
insulation house from the 80’s and high-insulation passive house. The insulation 
thickness and its thermal conductivity, the infiltration and ventilation rate, the 
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windows’ characteristics and surface area, and the HVAC systems’ performance of 
the original base case are adjusted to reach these two insulation levels. The low-
insulation case corresponds to a Danish house built in the years 1980 with relatively 
poor thermal performances: yearly indoor space heating needs around 160 kWh/m². 
The high-insulation case corresponds to a “Comfort House” which reaches the 
energy efficiency of the Passive House standard [118]: yearly indoor space heating 
needs around 13 kWh/m². 
The material properties of the external and internal layers of the house’s walls, 
ceilings and floors are varied from the original base case in order to generate three 
structural thermal inertia building classes (defined according to the 
recommendations of the ISO 13790:2008 standard [82]) with three different sub-
variations in each of them. 
• Light-weight structure house; daily effective thermal inertia: 30 Wh/K.m², 
40 Wh/K.m² and 45 Wh/K.m². 
• Medium-weight structure house; daily effective thermal inertia: 50 
Wh/K.m², 60 Wh/K.m² and 70 Wh/K.m². 
• Heavy-weight structure house; daily effective thermal inertia: 90 Wh/K.m², 
100 Wh/K.m² and 110 Wh/K.m². 
Four additional indoor thermal mass configurations are considered: empty room 
(only filled with air), additional indoor content / furniture, furnishing elements with 
integrated PCM panels, PCM wallboards placed on the inner surfaces of the house’s 
walls and ceilings.  
Two types of heating system are integrated in the different building cases: 
convective radiator and water-based radiant under-floor heating system. The UFH 
hydronic circuit is integrated in a wooden floor for the light-weight structure houses, 
and integrated in a 100 mm concrete screed for the medium and heavy-weight 
structure houses. 
One can find the main information about the different building cases in Table 3-2. 
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Table 3-2: Main characteristics of the building cases for investigation of the heating 
energy flexibility potential [21]. 
 
 
For the study of the MCHP controlled with an energy flexibility strategy, three 
building cases are generated with three different structural thermal inertia classes: 
• Light-weight structure building: daily effective thermal inertia of 30 
Wh/K.m². 
• Medium-weight structure building: daily effective thermal inertia of 60 
Wh/K.m². 
• Heavy-weight structure building: daily effective thermal inertia of 100 
Wh/K.m². 
All the three cases have the envelope performance level of the house base case 
(yearly indoor space heating needs of 16 kWh/m²) and are equipped with a vertical 
borehole GSHE and a hydronic radiant UFH system. As mentioned before, the UFH 
hydronic circuit is integrated in a wooden floor for the light-weight structure houses, 
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and integrated in a 100 mm concrete screed for the medium and heavy-weight 
structure houses. No additional indoor content thermal mass is present in these cases 
and the rooms are assumed empty (only filled with air) [32]. 
3.4. NUMERICAL MODELLING OF THE BUILDING SYSTEMS 
Numerical models of the different aforementioned building study cases have been 
created with the MATLAB-Simulink software environment and validated with 
standard procedures, well-known commercial simulation software and experimental 
test data. This chapter gives an overview of the modelling technics employed to 
create the different model components of the building system and its HVAC sub-
systems. 
3.4.1. MULTI-ZONE BUILDING MODEL 
A detailed multi-zone numerical model is created with the MATLAB-Simulink 
software environment for each of the different building cases. Similarly to the 
HAM-tools [130] the heat transfer by conduction through the planar construction 
elements is calculated with a one-dimensional finite control volume method using an 
explicit formulation to solve the heat equation: 
  Vc q
T
T
t
k   



  
(Equation 3-3) 
 
Where  , c, T, k, and Vq  are the density, specific heat capacity, temperature, 
thermal conductivity and volumetric heat source, respectively. In the interest of fast 
computation, the number of finite control volumes in the construction elements is 
kept small. This modelling method is therefore commonly named “Resistance-
Capacitance network” or “RC network” (see Figure 3-7). 
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Figure 3-7: Example of a RC network for a wall construction element [21]. 
 
External wall, internal wall, ceiling and roof elements are subdivided into 5 thermal 
nodes in the direction normal to the main surface plan. 2 nodes are assigned to the 
outermost material layers (plaster, wood, brick or concrete). 3 nodes are assigned to 
the insulation layer (mineral wool). Floor elements (including the soil under the 
house, the expanded polystyrene insulation layer and the concrete screed or wooden 
slab containing the UFH pipes) are subdivided into 9 nodes. 
Inside each thermal zone, a star network configuration connects all the surfaces 
facing the indoor space to the indoor air node with constant mixed 
convection/radiation thermal resistance coefficients [131]. Constant thermal 
resistances are used to model thermal bridges, ventilation, air infiltration and 
windows heat losses. For the external surfaces, the direct and diffuse solar radiation 
and the long-wave radiation to the sky are calculated as a function of the local 
weather conditions and the surface orientation. 
Concerning internal heat gains, 70% of the people and equipment loads are 
considered fully convective and thus applied directly to the air node of the thermal 
zone. The remaining 30% are modeled as radiative and distributed over all the inner 
surfaces of the planar construction elements with respect to their surface area. 
Regarding the internal solar gains, 55% are modelled to go to the floor, 30% to go to 
the vertical walls and 15% to go directly to the air node of the thermal zone [131].  
The 10 different thermal zones of the building (9 rooms and an attic) are connected 
together to form the house multi-zone model. Doors in between the rooms are 
considered closed at all time and therefore no direct air exchange between the 
different thermal zones occurs. The ventilation heat recovery is activated during the 
heating season and turned off if the inlet air temperature is above 22 °C. In case of 
over-heating during summer period, natural ventilative cooling is simulated by 
increasing the ventilation rate without any heat recovery. 
In this model, the heat equation is solved with an explicit scheme. The size of the 
simulation time step should therefore be fine enough to avoid any numerical 
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instability. It is thus set constant to 60 seconds, which is small enough to satisfy the 
following stability criteria in every finite control volume of the model: 
21
2
c
t
k
  
    
(Equation 3-4) 
 
Where t  is the time step size,  , k ,   and c are the thickness, the thermal 
conductivity, the density and the specific heat capacity of a finite control volume. 
Each sub-component of the building model has been validated against well-known 
commercial software COMSOL Multiphysics and BSim. The average absolute 
difference between the MATLAB - Simulink multi-zone building model and the 
BSim reference model is 0.12 °C for indoor temperature, 0.5 W/m² for the heating 
power need and 0.88% for the total energy use [21]. In addition, the multi-zone 
building model has been validated as a whole with a BESTEST procedure [21][132]. 
3.4.2. HEATING SYSTEMS 
Two types of heating emitters are modelled: a convective radiator and a hydronic 
radiant under-floor heating system. A first order transfer function with a time 
constant of 10 minutes is employed to model the radiator [133]. 30% of the heating 
power output is emitted by radiation and 70% by convection. A PI controller is used 
as a thermostat to regulate the radiator output in each thermal zone. 
The hydronic radiant under-floor heating system is modeled as a horizontal heat 
exchanger embedded in a slab by coupling a “plug flow” model of a pipe with the ε-
NTU method. The dynamics of the uncompressible brine moving through a pipe at 
variable flow rate is accounted by the plug flow principle [134]. At each time step, a 
fluid cell is queued at the beginning (inlet) of the pipe. The size of the new fluid cell 
is calculated according to volume flow rate and the pipe’s diameter. Because of the 
principle of volume conservation, all the other queued incompressible fluid cells are 
pushed towards the pipe’s outlet. The outlet fluid temperature is computed as the 
volume-weighted average temperature of the fluid cells exiting the pipe at each time 
step. A no-mixing condition between adjacent fluid cells is assumed. This is 
reasonable as the brine is circulating with a fairly high velocity in the pipes. 
Moreover, the temperature difference between each neighboring cell remains 
limited. Consequently, the fluid cells solely exchange heat by convection with the 
walls of the surround pipe. The heat transfer between the fluid cells, the walls of the 
pipe and the rest of the UFH slab is calculated with the ε-NTU method [125][135]. 
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This modelling technic collapses the complex three-dimensional heat transfer 
occurring in the slab where the heat exchanger is embedded into a simplified one-
dimensional RC star network (see Figure 3-8). The calculated effectiveness of the 
equivalent heat exchanger also accounts for the interaction between the legs of the 
pipe circuit. The slab surrounding the pipe circuit is sub-divided into 3 thermal 
nodes. A PI controller regulating a mixing valve is used to adjust the inlet water 
temperature of the UFH distribution manifold. 
 
Figure 3-8: General scheme of the resistance network for the ε-NTU method [125] 
 
The horizontal ground source heat exchanger is modelled in the same way as the 
UFH system with a plug flow model coupled to the ε-NTU method. The ground 
surrounding the horizontal GSHE is modelled as a one-dimensional domain with a 
state-space function [21]. The bottom temperature boundary condition of the ground 
domain (30 m depth) is set constant to 9.4 °C. The boundary conditions of the top 
ground surface are determined by the outdoor air temperature, wind speed and 
global solar radiation of the weather data file [128]. The boundary conditions on the 
sides of the soil domain are following the temperature time variations of an 
undisturbed ground in Denmark [21]. 
Two plug flow / ε-NTU method pipe heat exchanger models are coupled together to 
simulate the dynamic behavior of the vertical borehole GSHE. One pipe model is 
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accounting for the inlet leg of the U-pipe collector and the second pipe model 
accounts for the outlet leg of the collector. The complex interaction between the two 
legs of the collector, the filling grout of the borehole and the surrounding soil are 
modelled with a triangular thermal RC network presented by Diersch et al. [136]. 
Similarly to the horizontal GSHE, the ground surrounding the vertical borehole is 
modeled as a one-dimensional finite domain with a state-space function. The 
boundary conditions of the top ground surface are determined by the weather data 
file [128]. The boundary conditions on the sides of the soil domain are following the 
temperature time variation of an undisturbed ground in Denmark. The bottom 
temperature boundary condition of the ground domain (100 m depth) is set constant 
to 10.1 °C [21]. 
Similarly to the magnetocaloric heat pump, the reference conventional vapour-
compression heat pump is modelled with a 4-dimensional lookup table compiling 
steady state operation data provided by the VCHP manufacturer [126]. The outlet 
temperatures from the evaporator and condenser, the heating and cooling power and 
the electrical consumption of the compressor are interpolated according to the inlet 
temperature and fluid mass flow rate to the evaporator and the condenser. The 250 L 
hot water storage tank model is a simplified version of that presented by Angrisani 
et al. [137]. The tank has a cylindrical shape: 58 cm diameter and 95 cm height. It is 
insulated with 5 cm of polyurethane foam and the heat losses to the ambient are 
therefore 1.356 W/K. 
For all the aforementioned hydronic systems, the convective heat transfer coefficient 
of the brine circulating in the pipe is calculated according to the fluid flow rate and 
temperature, Reynolds number, and other temperature dependent thermophysical 
properties of the brine 
The different components of heating system have been validated against the well-
known commercial software BSim and with experimental test data [21]. 
3.4.3. INDOOR CONTENT / FURNITURE ELEMENTS 
For each thermal zone of the building, the indoor content and furniture elements are 
aggregated in an equivalent fictitious planar element. The thermophysical properties 
of the equivalent material composing this planar element are chosen according to the 
suggestions presented before [67][81]. The equivalent element has a thickness of 4.7 
cm with a mass corresponding to 60 kg/m² of the room’s floor surface area. The 
surface area of each side of the element is equal to 1.8 times the room’s floor surface 
area. Because the element does not have a real geometrical representation in the 
thermal zone, it is considered that 50% of the radiative share of the equipment, 
people, solar and radiator heating loads are absorbed by its surface. The element is 
coupled to the air node of the zone with a constant mixed convection/radiation 
surface thermal resistance of 0.13 m².K/W [131]. 
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The thermodynamics of the planar element is calculated with a fully implicit 
(unconditionally numerically stable) one-dimensional FVM formulation (control 
volumes are 1 mm thick). This FVM model has been validated against the well-
known commercial software COMSOL Multiphysics [21]. 
3.4.4. LATENT HEAT THERMAL ENERGY STORAGE 
Two types of LHTES system are considered in this study: PCM wallboards placed 
on the inner surface of walls and ceilings; PCM integrated on one side of the 
furnishing elements. Both systems consist of Energain® stable form PCM arranged 
in thin slabs. Energain® is a well-known commercial product. It is composed of 60 
%mass micro-encapsulated paraffin (organic PCM) blended with 40 %mass 
polyethylene [109]. The thickness of the PCM panel is 1.5 cm. This sizing is a 
reasonable choice to insure an optimum activation of the PCM slab and a maximum 
additional effective thermal storage capacity with the minimum amount of material 
[21]. Guarded Hot Plate Apparatus and Differential Scanning Calorimetry 
measurements were conducted on Energain® samples. The results are combined 
with the information provided by the manufacturer to determine the thermophysical 
properties of the LHTES system. The PCM thermal conductivity varies between 
0.18 W/m.K and 0.22 W/m.K as function of temperature. Its density is 1000 kg/m³, 
its specific heat capacity is 2000 J/kg.K, and its latent heat of fusion is 120 kJ/kg 
with a phase transition temperature of 22 °C [21]. 
Many PCM numerical models for building applications use an apparent specific heat 
capacity function to simulate the latent heat of the phase transition. Nevertheless, 
this approach does not represent the real physics of the phase transition but only its 
apparent thermal behaviour. In this study, the PCM model is based on an enthalpy 
formulation which accounts properly for the isothermal melting/solidification phase 
transition process [138][139]. 
The stable form PCM is assumed to be homogenous and set in thin layers. The heat 
transfer is thus considered one-dimensional. The temperature dependent density, 
specific (non-latent) heat capacity and thermal conductivity are modelled with linear 
functions fitting experimental test data. From these material properties, an enthalpy / 
temperature function accounting for the isothermal phase transition is built (see 
Figure 3-9). A fully implicit one-dimensional FVM formulation (control volumes 
are 1 mm thick) is then used to perform the calculation of the heat transfer within the 
PCM slab. In each control volume, the variation of internal energy (enthalpy) is then 
used with the enthalpy / temperature function to obtain the new temperature of the 
PCM cell. 
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Figure 3-9: Enthalpy / temperature function for modelling phase change materials 
[21]. 
 
This PCM model can have distinct melting and solidification temperatures which 
allows it to account for hysteresis phenomena. However it is chosen to not introduce 
hysteresis for this study. The main limitation of this numerical model is that it 
cannot account for multiple phase transition temperatures. This situation can occur 
when the PCM is a mixture of several compounds with dissimilar melting 
temperatures. In the current case, it is thereby considered that the PCM presents only 
one definite phase transition temperature. 
This PCM model has been validated against experimental tests performed on 
Energain® samples with a Guarded Hot Plate Apparatus [21]. 
 
For further information, please refer to Appendix B. Paper II, Appendix C. Paper III 
and Appendix F. Technical Report I: “Numerical analysis of the impact of thermal 
inertia from the furniture / indoor content and phase change materials on the 
building energy flexibility”, “Integration of a magnetocaloric heat pump in a low-
energy residential building” and “Description and Validation of a MATLAB - 
Simulink Single Family House Energy Model with Furniture and Phase Change 
Materials (Update)”. 
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CHAPTER 4. HEATING ENERGY 
FLEXIBILITY POTENTIAL OF 
RESIDENTIAL BUILDINGS 
As mentioned before, a paradigm shift is operating in the building energy sector and 
the interest for demand-side management strategies is increasing. Among the 
different building energy flexibility measures, passive thermal energy storage in the 
indoor environment has been found to be a cost effective solution to facilitate the 
management of Smart Energy Grid systems. This clever usage of the building 
thermal inertia can generate a larger reduction of excess RES electricity production 
and fuel consumption with a lower total cost compared to heat storage in water tanks 
[39]. The built environment presents a large thermal storage potential. The indoor 
temperature set point can be increased to store heat when the electricity is available 
and cheap, and it can be decreased when the power production is insufficient. 
Nonetheless, the building operative temperature should always be kept within the 
limits of the occupants’ thermal comfort. Besides, building heating energy flexibility 
solutions are matter of great interested because heating demand remains the 
dominating energy need for cold winter countries, despite the continuous building 
regulation tightening of the latter. In Denmark, for instance, indoor space heating 
accounts for 25% of the annual national energy use [140]. 
With 75% of the total building surface area in Europe, the residential building stock 
is a major target. Moreover, single-family houses represent 64% of the residential 
heated surface area in Europe [17] and 60% in Denmark [141]. The focus of this 
study is therefore put on the heating energy flexibility potential of single-family 
dwellings in Denmark using an indoor temperature set point modulation strategy for 
TES in the built environment. 
Previous studies have investigated the influence of different building parameters on 
the ability to modulate heating use. For TES in the build environment, the structural 
thermal mass defines the maximum storage capacity of the building. The larger the 
activated thermal mass, the more heat can be stored during off-peak periods and 
partly recovered during peak periods [142][143]. 
Other studies have shown that the building storage effectiveness and heating energy 
flexibility ability mainly depend on the level of envelope insulation and air tightness 
[144]. Poorly insulated buildings can only sustain short term heating load shifting of 
1 to 5 hours. On the other hand, high performance envelope buildings can turn off 
their heaters in winter for more than 24 hours after a heat accumulation period 
without compromising thermal comfort [35]. 
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The type of heat emitter also plays an important role in the effective storage capacity 
of a building and thus its energy flexibility potential. On the one hand, radiators 
have mainly convective heat emission which results in a quick air temperature rise. 
The ventilation and infiltration heat losses are augmented and the heat storage in the 
heavier building structural elements is limited. On the other hand, radiant terminals 
such as under-floor heating or thermally activated building systems (TABS) induce 
a direct thermal activation of construction floor elements with high thermal storage 
capacity. The indoor air temperature is maintained lower than in the case of 
convective terminal. The ventilation heat losses are thus reduced and a more 
effective heat storage is achieved [35][142][145][146]. 
Phase change materials can offer a significant improvement of the building TES 
potential within the narrow temperature span corresponding to the human comfort 
[67]. LHTES can easily be integrated as wallboard on the inner surfaces of the 
indoor environment to improve the heat storage capacity and therefore heating 
energy flexibility of light structure buildings. Some publications reported the benefit 
of PCM wallboards [147] and PCM under-floor heating systems [148] for space 
heating load shifting with a temperature set point modulation controller. Finally, the 
large surface area of furnishing elements which is exposed to the indoor 
environment could also be employed for the integration of PCMs and thus extend 
the applicability of the TES strategies [67]. 
The current numerical study aims at exploring further and quantifying the impact of 
the main building parameters (insulation level, thermal inertia, type of heat emitter) 
on the indoor space heating energy flexibility potential of Danish single-family 
dwellings. A particular attention is put on role of the structural thermal inertia and 
the influence of additional thermal mass from the indoor content / furniture or 
passive LHTES systems such as PCM wallboards and furniture with integrated 
PCM. 
4.1. BUILDING ENERGY FLEXIBILITY INDEX 
The building energy flexibility is a recent concept which is gaining a lot of attention 
nowadays. This research topic is very active and several different definitions and 
indicators have been created to determine what is “building energy flexibility” and 
how to quantify it. However, no scientific agreement has been reached yet. The on-
going IEA EBC Annex Project 67 [38] is aiming to tackle these problems. Lopes et 
al. [149] and Reynders et al. [150] published thorough reviews and evaluations of 
the existing definitions and quantification methodologies for the energy flexibility of 
the building sector. It appears that publications usually define the energy flexibility 
as the ability for a building to adapt its profile of energy use without jeopardizing 
technical and comfort constraints [150]. 
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In this study, the energy flexibility is defined as the ability for the building to shift in 
time its indoor space heating use from high energy price to low price energy periods 
whilst insuring a good indoor thermal comfort. In other words, a building is 
considered to be energy flexible if it manages to maximize its heating usage during 
low energy price periods and minimize it during high energy price periods [151]. 
Consequently, the energy flexibility index of this study is calculated as the change of 
heating use during medium and high price periods when the energy is accumulated 
during low price periods compared to a reference scenario without any heating load 
shifting strategy: 
% % 100
1 1
% % 2ref ref
High Medium
F
High Medium
    
           
     
 
(Equation 4-1) 
 
Where F  is the building energy flexibility index, %High  and %Medium  are the 
percentages of yearly heating energy (relatively to the total yearly heating needs) 
used during high and medium energy price periods respectively when the TES 
strategy is operational. Equivalently, % refHigh .and % refMedium  are the percentages 
of yearly heating energy use for the reference scenario (no TES strategy). The 
flexibility index takes the value of zero if the repartition of the energy use is the 
same as in the reference case. In that situation, the building did not provide any 
energy flexibility. The index becomes negative if the share of high and medium 
energy price periods is larger than the reference values. In that case, the building is 
performing worse than the reference scenario in terms of energy flexibility. The 
flexibility index reaches 50% if the energy share of the medium energy price period 
does not change and if all the energy share of the high energy price period is shifted 
to the low energy price period. Similarly, the flexibility index reaches 50% if the 
energy share of the high energy price period does not change and if all the energy 
share of the medium energy price period is shifted to the low energy price period. If 
both the high and the medium energy price period shares are decreased by half, the 
flexibility index also takes the value of 50%. If there is no remaining energy usage 
during the periods of high and medium energy price, the flexibility index takes the 
maximum value of 100%. In that situation, the building is fully energy flexible 
[151]. 
Several comments can be addressed to this building energy flexibility index. Firstly, 
a reference energy usage scenario is required for the index calculation, which is not 
necessary possible or convenient. Secondly, the limits and number of categories for 
the energy price are set arbitrarily. Moreover, the index is linked to a specific energy 
price profile. Different spot energy price profiles with shorter or longer price periods 
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could have a significant impact on the flexibility index. Similarly, the local climate 
and occupants’ behaviour can seriously influence the results of the building energy 
flexibility index [152]. 
4.2. HEAT STORAGE CONTROL STRATEGY 
The indoor space heat storage strategy which is implemented for this study is similar 
to the one used by Le Dréau et al. [35] and Péan et al. [153]. The end-goal of the 
energy flexibility measures is to allow the integration of a larger share of 
intermittent RES in a Smart Grid system. The building should therefore be able to 
accumulate energy when there is an excess of RES production, and reduce its energy 
usage when the RES production is low. The scope of that study is the indoor space 
heating energy flexibility for Danish detached houses where the primary heating 
source is an electrically driven heat pump. In Denmark, a large share of the electrical 
RES production is coming from wind turbines. The electricity spot price is thus a 
good indicator of the RES availability and the energy demand in Demark. 
Consequently, the “Nord Pool” electricity spot price (hourly market price observed 
in the Nordic electricity market in the year 2009 [154]) is used here to control the 
heat storage strategy. The building accumulates heat energy during low energy price 
periods and save heat energy during high energy price periods. 
As illustrated in Figure 4-1, limits for low price period and for high price period are 
calculated every hour as the lowest and highest quartile of the electricity market spot 
price over the last 14 days. The house temperature set point is then modulated 
accordingly: 
• For high price periods, the temperature set point is set to minimum at 20 °C 
to save thermal energy. 
• For medium price periods, the temperature set point is set to neutral at 22 
°C. 
• For low price periods, the temperature set point is set to maximum at 24 °C 
to accumulate thermal energy. 
The temperature span of 4 K between the minimum set point and the maximum set 
point corresponds to a normal level of thermal comfort with less than 10% of 
dissatisfied occupants [155]. In addition, the transient indoor temperature variation 
is always kept below the thermal comfort limit of 2.1 K/h [156]. 
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Figure 4-1: Example of indoor temperature set point modulation with price control 
and maximum activation time of 6 hours for low-insulation light structure house 
with radiator [151]. 
 
The occupants of a residential building might not agree with the change of the 
indoor temperature set point by an external signal for an extended period of time. 
The longer the set point deviates from the neutral level and the more disturbance 
could be caused to the occupants. In order to study the impact of different 
occupants’ disturbance levels on the building energy flexibility, a maximum 
activation (high or low set point) time is defined between 30 minutes and 24 hours. 
When the activation period reaches the maximum activation time, the set point is put 
back to its neutral level of 22 °C. The temperature set point is then maintained at the 
neutral point for a period of time equal to the maximum activation time before the 
same activation can occur again [151]. 
4.3. RESULTS AND DISCUSSION 
4.3.1. IMPACT OF ADDITIONAL INDOOR THERMAL MASS ON THE 
BUILDING TIME CONSTANT 
The time constant of six building cases (three different structural thermal inertia 
classes: light 30 Wh/K.m², medium 50 Wh/K.m², heavy 100 Wh/K.m²; two envelope 
insulation levels: low-insulation house from the 80’s, high-insulation passive house) 
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is calculated with and then without any additional indoor content / furniture or PCM 
element thermal mass. For that purpose, the outdoor temperature is kept constant 
whilst all radiation and internal gains are set to zero. Once the house’s temperature 
has reached a steady state, the convective radiator power is increased to maximum 
until the temperature reaches a new steady state at a higher temperature. The 
building time constant is then calculated as the time needed to reach 63.21% of the 
temperature change between the two steady states [157]. 
One can observe in Figure 4-2 the influence of the different types of additional 
thermal mass on the building time constant. The time constant and the daily 
effective thermal inertia of the reference empty buildings are stated in the table 
below the figure. Results show that the PCM wallboards and the PCM integrated in 
furniture increase significantly the time constant of all the buildings. Concerning the 
indoor content / furniture elements, their effect is limited for medium and heavy 
structure cases but not negligible for light structure houses [151]. 
 
Figure 4-2: Change of building time constant with additional internal thermal mass 
[151]. 
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4.3.2. INFLUENCE OF THE MAXIMUM ACTIVATION TIME ON THE 
BUILDING ENERGY FLEXIBILITY 
48 different building configurations (two envelope insulation levels; three structural 
thermal inertia classes: light 30 Wh/K.m², medium 50 Wh/K.m², heavy 100 
Wh/K.m²; four kinds of additional indoor thermal mass; two types of heating 
system) with 8 different maximum activation times each are compared. One can see 
in Figure 4-3 an example of the indoor space heating energy usage distribution over 
the different price categories for increasing maximum activation time. High price 
periods are minimized together with a significant low price periods increase. There 
is no action to decrease energy use during medium price periods. The latter are 
therefore only marginally reduced as a secondary effect of the thermal storage 
during high price periods. Similar patterns can be observed for all the building cases 
[151]. 
 
Figure 4-3: Example of yearly indoor space heating use repartition as function of 
maximum activation time (light-weight structure low-insulation house with PCM 
wallboard) [151]. 
 
The thermal storage in the indoor space by increasing the temperature of the built 
environment necessarily induces an augmentation of the building heat losses through 
the envelope and the ventilation system. In the current study, the average increase of 
the yearly energy use due to the heat accumulation strategy (24 hours of maximum 
activation) is 3.3% and 6.3% for houses from the 80’s and passive houses, 
respectively. This observation is in agreement with previous studies [35]. 
INTEGRATION OF A MAGNETOCALORIC HEAT PUMP IN ENERGY FLEXIBLE BUILDINGS 
74
 
Figure 4-4 presents the variation of the building energy flexibility index in function 
of the maximum activation time. The flexibility index increases quickly and then 
stabilizes for activation times above 6 hours. This saturation can be caused by two 
phenomena. Firstly, the building thermal storage capacity reaches its maximum limit 
and no more energy can be accumulated to improve the flexibility. Secondly, the 
maximum activation time is different from the effective activation time due to the 
variation frequency of the price signal. A Fourier analysis of the latter shows that its 
main components have an oscillation period of 12 hours, 24 hours and 1 week. 
Consequently, the available low price periods for storage are rarely lasting more 
than 6 hours and the average effective activation time has a maximum of 4.7 hours. 
These results are coherent with the previous study of Le Dréau et al. [35]. 
 
Figure 4-4: Building energy flexibility as function of maximum activation time 
(radiator: convective radiator; UFH: under-floor heating) [151]. 
 
4.3.3. IMPACT OF THE BUILDING PARAMETERS ON THE ENERGY 
FLEXIBILITY 
One can see in Figure 4-5 the building energy flexibility of 144 different cases (two 
envelope insulation levels, three classes of structural thermal inertia with three 
different sub-variations, two types of heating system and four additional indoor 
thermal mass configurations: empty room, indoor content / furniture, PCM furniture, 
PCM wallboards) as function of the total effective building thermal inertia 
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(including structural and additional thermal mass). The maximum activation time is 
24 hours. 
 
Figure 4-5: Evolution of the building energy flexibility as function of the thermal 
inertia for different insulation levels and heating systems [151]. 
 
Compared to the low-insulation dwelling, the passive house has lower indoor space 
heating needs and can therefore shift it with a smaller thermal storage capacity. In 
addition, high efficiency envelope maximizes the retrieval of the accumulated 
thermal energy. Passive houses thus present much larger heating energy flexibility 
potential than low-insulation dwellings. However, the latter have an absolute amount 
of energy shifted in time which is about 4 times more important than the high-
insulation houses. Consequently, the low-insulation houses could be the main energy 
flexibility providers to the energy grids [151]. 
Above 80 Wh/K.m² of total daily effective thermal inertia, the heating energy 
flexibility stagnates, especially for well-insulated houses. Medium and heavy 
structure passive houses reach the maximum energy flexibility index: there is no 
remaining indoor space heating energy usage to be shifted in time and increasing 
thermal storage capacity further is ineffective. For low-insulation dwellings, 
additional thermal mass does not compensate for the poor envelope performance 
limiting the recovery of the accumulated thermal energy [151]. 
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Concerning heat emitters, the UFH system presents greater performance compared 
to radiators in the case of medium and heavy structure houses. The concrete screed 
where the UFH hydronic circuit is laid is highly activated, allowing larger heat 
storage. Moreover, radiant UFH system can provide the same level of thermal 
comfort with a lower indoor air temperature. Ventilation and infiltration thermal 
losses are thus decreased and the heat accumulation efficiency is improved together 
with the energy flexibility. The employment of UFH can thus increase the building 
heating energy flexibility by up to 44% and 8% for low-insulation and high-
insulation dwellings, respectively. However, the UFH was integrated in a wooden 
floor for light structure house. Consequently, the limited activated thermal mass of 
the latter does not improve the building heating energy flexibility [151]. 
4.3.4. IMPACT OF ADDITIONAL INDOOR THERMAL MASS ON THE 
BUILDING ENERGY FLEXIBILITY 
The impact of three different types of additional indoor thermal mass element on the 
building heating energy flexibility is present in Figure 4-6. The energy flexibility 
and daily effective thermal inertia of the reference empty buildings are stated in the 
table below the figure. The relative values of the flexibility improvement are 
indicated as percentage and the absolute values of the flexibility change are in 
between parentheses. 
 
Figure 4-6: Change of building heating energy flexibility with additional indoor 
thermal mass (radiator heating system cases with maximum activation time of 24 
hours) [151]. 
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One can see that PCM wallboards and furniture with integrated PCM can 
appreciably increase the energy flexibility potential of dwellings with low insulation 
and low structural thermal inertia. However, the improvement is reduced for well-
insulated houses and very limited for buildings with medium and heavy structures 
[151]. 
It should be noted that PCMs and consequently PCM wallboards have a relatively 
low thermal conductivity. When positioned on the inner surface of construction 
elements in the built environment, the PCM wallboards obstruct the activation of the 
thermal mass underneath them. This is a problem in the case of buildings with heavy 
structure such as concrete or brick walls. The large heat storage capacity of these 
construction elements is nullified by the presence of the PCM wallboards and is 
barely compensated by the latter [151]. 
Concerning furniture and indoor content, they only account for a small share of the 
total effective thermal inertia of medium and heavy structure houses [67]. It is thus 
not surprising that their impact on the building energy flexibility is almost 
negligible. Nevertheless, in the case of light structure dwellings, the influence of the 
indoor items is significant and should therefore be taken into account [151]. 
4.3.5. PARAMETRIC SENSITIVITY ANALYSIS 
A statistical analysis of the previously presented results is performed to rank the 
different building parameters by order of significance regarding the heating energy 
flexibility. The parameter significance is assessed by the mean of consecutive 
ANOVA (analysis of variance) tests on linear regression models with iterative 
deletion of the least significant term [158]. The results are presented in Table 4-1 
with the most significant building parameter (highest F-value) on the top. It is clear 
that the envelope insulation level has the main role in the heating energy flexibility 
compared to the building thermal inertia, the type of heat emitter or the kind of 
additional indoor thermal mass. 
Table 4-1: Significance ranking of the building parameters regarding heating 
energy flexibility [151]. 
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A sensitivity analysis is performed on the influence of the additional indoor thermal 
mass parameters regarding the heating energy flexibility of light-weight structure 
dwellings. One can see in Table 4-2 the change of the flexibility index for realistic 
variations of the additional indoor thermal mass characteristics. 
Table 4-2: Sensitivity analysis of the additional indoor thermal mass parameters 
[151]. 
 
 
An ANOVA statistical analysis is performed on the results of Table 4-2. The Table 
4-3 summarizes the significance ranking of the different parameters of the three 
types of additional indoor thermal mass. The surface heat transfer coefficient, the 
mass and the surface area of the elements play the main roles for indoor 
items/furniture. However, the material density and the thermal conductivity have 
little significance. For PCM furniture, the exposed surface area, the surface heat 
transfer coefficient and the PCM properties are the most significant parameters. For 
PCM wallboards, the PCM layer characteristics have dominant impacts. 
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Table 4-3: Significance ranking of the additional thermal mass parameters 
regarding heating energy flexibility [151]. 
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4.4. CONCLUSION 
The numerical study presented in this chapter has identified the role and quantified 
the impact of different building parameters concerning the heating energy flexibility 
potential of a Danish single-family house with a TES strategy based on indoor 
temperature set point modulation according to a price signal. The index assessing 
the building energy flexibility is defined as the ability of the dwelling to shift its 
indoor space heating use in time by accumulating thermal energy in the build 
environment during low electricity price periods, and conserve energy during high 
electricity price periods to reduce its heating use at that moment. 
The maximum TES capacity of a building is mainly determined by its total effective 
thermal inertia. However, the results of a parametric sensitivity analysis show that 
the envelope insulation level is the most important building parameter with respect 
to the heating energy flexibility potential. Therefore, well-insulated dwellings can 
efficiently store thermal energy in their built environment and retrieve a large share 
of it later, allowing them to shift heating loads over long periods of time. 
Nevertheless, poorly insulated houses, despite their limited energy flexibility index, 
can have an important impact on the energy grids. The absolute amount of thermal 
energy they can shift is much larger than the one of highly insulated houses, but it 
can only be carried out over short periods of time. To a lesser extent, radiant under-
floor heating system can improve the energy flexibility of buildings when the 
hydronic circuit is embedded in a dense material layer such as a concrete screed. The 
UFH decreases ventilation losses and benefits from the large activation of the floor 
thermal mass which increases the effective TES capacity and the building energy 
flexibility potential. 
Phase change materials integrated in wallboards or in furniture elements can 
significantly increase the total effective thermal storage capacity of light-weight 
structure houses and therefore improve their heating energy flexibility potential. 
However, PCM wallboards should not be employed on heavy construction elements. 
They screen the thermal activation of the material layers placed beneath them and 
barely provide the same heat storage capacity as traditional concrete or brick walls.  
Finally, it was demonstrated that the empty space assumption for dynamic energy 
simulations is not appropriate for houses with low structural thermal inertia. 
Transient thermal behaviour, building time constant, total heat storage capacity and 
heating energy flexibility can be significantly influenced by the presence of indoor 
content / furniture in the built environment. 
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For further information, please refer to Appendix B. Paper II and Appendix D. 
Paper IV: “Numerical analysis of the impact of thermal inertia from the furniture / 
indoor content and phase change materials on the building energy flexibility” and 
“Influence of envelope, structural thermal mass and indoor content on the building 
heating energy flexibility”. 
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CHAPTER 5. INTEGRATION OF A 
MAGNETOCALORIC HEAT PUMP IN 
RESIDENTIAL BUILDINGS WITH 
ENERGY FLEXIBILITY CONTROL 
STRATEGY 
In this chapter, it is numerically demonstrated that a magnetocaloric heat pump can 
be used to provide for the space heating needs of a low-energy house in Denmark. A 
description of the device implementation in the building is firstly given, followed by 
the performance test results of the whole heating system with a simple controller. 
Finally, a new control strategy taking advantage of the building heating energy 
flexibility potential is implemented and evaluated on its capacity to improve the 
performance of the magnetocaloric heating system. 
5.1. IMPLEMENTATION OF THE MAGNETOCALORIC HEAT 
PUMP IN THE HYDRONIC HEATING SYSTEM 
For heat pump systems in general, the COP is largely improved by minimizing the 
temperature span between the heat source and the heat sink [119]. Moreover, in the 
case of magnetocaloric devices, the active magnetic regenerators are designed for an 
optimum operation temperature. Indeed, the magnetocaloric effect of the solid 
refrigerant is maximum in the vicinity of its Curie temperature. For some MCM, the 
latter can be finely adjusted to match the operation temperatures of the AMR [159] 
and its inherent temperature gradient (graded regenerator) [29]. Consequently, a 
ground source heat exchanger (horizontal collector or vertical borehole) is chosen as 
high and relatively stable temperature heat source for the integration of the MCHP 
in a low-energy house. In addition, a radiant under-floor heating system is chosen as 
low temperature heat sink (heat emitter) [31]. 
The MCHP operates at temperatures and fluid flow rates which are compatible with 
direct use in the UFH and in the ground source. The GSHE and the UFH are thereby 
directly coupled to the MCHP inside a single hydronic loop without any 
intermediate heat exchanger or hot water storage tank (see Figure 5-1). In that 
configuration, the same heat transfer fluid is circulated through the heat source, the 
heat sink and the MCHP by a single circulation pump. Such implementation reduces 
the effective temperature span between the heat source and the heat sink. It also 
simplifies the whole hydronic circuit which can lead to lower installation and 
operation costs [31]. 
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Figure 5-1: Integration of a magnetocaloric heat pump in single hydronic loop with 
ground source and under-floor heating system [31]. 
 
5.2. PERFORMANCE OF THE MAGNETOCALORIC HEAT PUMP 
WITH SIMPLE CONTROLLER 
All the results presented hereafter correspond to a four-month heating test period 
(from the 1
st
 of January to the 30
th
 of April) for the low-energy house base case 
equipped with UFH and horizontal or vertical GSHE under Danish weather 
conditions (DRY 2013 [128]). 
Two different coefficients of performance are defined to assess the MCHP operation 
efficiency. The 
AMRCOP  is calculated with the useful heating power output 
heatingQ  delivered by the heat pump and the work due to the AMR internal 
operation: regenerator hydraulic pressure losses pressurelossW  and magnetic work 
magneticW . This calculation is equivalent to considering that the motor and the pump 
of the MCHP have a 100% efficiency: 
heating
AMR
pressureloss magnetic
Q
COP
W W


 
(Equation 5-1) 
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The systemCOP  is calculated with the useful heating power output of the heat pump 
and all the heating system operation works: circulation pump work pumpW  (
pressurelossW  including the losses due to inefficiency), motor work motorW  ( magneticW  
including the losses due to inefficiency) and valves work 
valvesW : 
heating
system
pump motor valves
Q
COP
W W W

 
 
(Equation 5-2) 
 
A first test is performed with the magnetocaloric heating system supplying space 
heating to only one thermal zone: the living room. The heating system is controlled 
by a simple ON/OFF controller with a constant fluid flow rate during the 4 months 
of the test period. One can see in Figure 5-2 and Figure 5-3 the results of 150 
simulations where average heating output, power usage and seasonal COPs are 
calculated for different constant fluid flow rates, rotation frequencies and types of 
GSHE [31]. 
The MCHP heating output and power need increase rather linearly with the nominal 
fluid flow rate. Most of the power use is due to pump work. At the lowest rotation 
frequency of 0.5 Hz, the MCHP heating output drops dramatically for fluid flow 
rates above 1600 L/h. Compared to the vertical borehole GSHE, the power output of 
the MCHP is sensibly diminished when connected to the horizontal GSHE because 
the average fluid temperature provided by the latter is significantly lower than the 
one of the vertical ground source. If coupled with a vertical borehole GSHE, the 
magnetocaloric heating system can deliver up to 2600 W of useful thermal power 
when operating at a rotation frequency of 1 Hz with a fluid flow rate of 2100 L/h. In 
this case, the average seasonal systemCOP  is 3.93 [31]. 
Concerning the efficiency of the AMR cycle only, the 
AMRCOP  is maximum at 
rather low fluid flow rates and for low rotation frequency. However, in that case, 
even if the 
AMRCOP  is significantly high, the heating power output is very limited 
while the energy use of the circulation pump remains high. Consequently, the 
systemCOP  of the overall heating system is maximum at the highest fluid flow rates 
with rotation frequency of 1 Hz or 2 Hz. Finally, the vertical borehole GSHE 
configuration presents better performance in terms of both COPs because of its 
higher fluid temperature supply [31]. 
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Figure 5-2: Heating power output and power usage of the magnetocaloric heat 
pump as function of fluid volumetric flow rate [31]. 
 
Figure 5-3: COP of the magnetocaloric heat pump and the entire heating system as 
function of the fluid volumetric flow rate [31]. 
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A second test is performed with the magnetocaloric heating system supplying space 
heating to the entire house. According to the previous test results, the best 
performance for the MCHP over the whole fluid flow rate operation range is 
achieved for a rotation frequency of 1 Hz. This parameter is thus fixed to 1 Hz for 
the rest of the study. The heat pump controller is a basic flow rate regulation. The 
speed of the circulation pump is adjusted to keep a nominal fluid flow rate of around 
220 L/h in each UFH sub-circuits. There are 9 UFH hydronic loops for the 8 thermal 
zones of the house. Each thermal zone has a thermostat adjusting the indoor 
temperature to a given set point by opening/closing the valve of the corresponding 
sub-loop. The speed of the MCHP circulation pump is varied accordingly. If all the 
valves of each floor heating sub-circuit are closed, the circulation pump and the 
MCHP are turned off [31]. 
One can see in Figure 5-4 the temperature of the different building systems over the 
four-month heating test period. The magnetocaloric heating system successfully 
manages to provide inlet fluid to the UFH at an average temperature of 25.42 °C 
(maximum of 28.50 °C) allowing the operative temperature of the house to reach the 
set point of 22 °C at all time. In addition, one can observe that the outlet fluid 
temperature of the vertical borehole GSHE is higher (8.17 °C in average) and more 
stable than the one of the horizontal GSHE (2.42 °C in average). The temperature 
span between the heat source and sink is 17.25 °C and 23.00 °C in average for the 
vertical GSHE and the horizontal GSHE, respectively. Such results were expected as 
horizontal collectors are closer to the cold top surface of the ground and therefore 
more exposed to the outdoor air temperature variations [31]. 
 
Figure 5-4: Temperatures of the building system as function of time during the four-
month heating test period [31]. 
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The Figure 5-5 presents the variations of the daily running average COPs during the 
heating test period. Once again, the vertical borehole GSHE configuration shows 
better performance in terms of COPs (seasonal average 
AMRCOP  of 9.19 and 
seasonal average systemCOP  of 1.84) compared to the horizontal GSHE one 
(seasonal average 
AMRCOP  of 6.39 and seasonal average systemCOP  of 1.59). This 
is due to the fact that the warmer brine supplied by the vertical borehole GSHE 
improves the performance of the overall magnetocaloric heating system. However, 
the COP of the entire heating system is rather low compared to the previous results 
of the single room test. This can be explained by the fact that the magnetocaloric 
device, when heating up the entire house, operates part-load most of the time. As 
emphasized before, running the MCHP at low fluid flow rates leads to modest 
performance of the whole heating system [31]. 
 
Figure 5-5: Daily average COPs of the magnetocaloric heat pump as function of 
time during the four-month heating test period [31]. 
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5.3. ENERGY FLEXIBILITY CONTROL STRATEGY 
The test results presented before showed that the MCHP controlled with a simple 
fluid flow rate regulation performs modestly. Because each room in the house has 
very different heating need time profiles, it is very rare that all rooms require 
maximum heating power at the same time. Consequently, the MCHP does not 
operate at the optimum fluid flow rate and highest COP most of the time [32]. 
In order to tackle this problem, the building heating energy flexibility, presented in 
the previous chapter, can be ingeniously employed to develop a new and more 
efficient control strategy for the magnetocaloric device. As mentioned before, indoor 
temperature set point modulation can allow efficient thermal energy storage in the 
built environment without jeopardizing the occupants’ thermal comfort. A new 
MCHP controller is therefore created based on that principle. When the heating 
system is activated, it runs at maximum fluid flow rate with optimum COP to store 
thermal energy in the indoor space and structural thermal mass, leading to a slight 
increase of the indoor temperature. When the building is fully thermally charged, the 
heating system is completely turned off and the indoor temperature freely decreases 
until reaching a critical threshold for re-activation of the heat pump. The goal of this 
strategy is to maximize the MCHP operation time at optimum fluid flow rate and 
COP in order to improve the overall performance of the heating system [32]. 
Figure 5-6 illustrates the TES strategy and compares it to the simple fluid flow 
controller, in the case of a well-insulated house with high thermal inertia (100 
Wh/K.m²). Similarly to the building energy flexibility strategy employed in the 
previous chapter, a minimum, a maximum and a neutral indoor temperature set 
points are defined. Figure 5-6(a) shows that the indoor temperature is allowed to 
vary around the neutral temperature set point of 22 °C. When the coldest room in the 
house reaches the minimum temperature limit (set between 20 °C and 22 °C), the 
MCHP is activated (see Figure 5-6(b)) and heats up all rooms at maximum power. 
When the temperature of a particular room reaches the maximum temperature limit 
(set between 22 °C and 24 °C), the room’s thermostat adjusts the fluid flow in the 
corresponding UFH loop to keep the temperature at the maximum limit. The MCHP 
fluid flow rate is thus decreased accordingly. When the average temperature of the 
house (defined as the floor area weighted average temperature of all rooms) reaches 
the maximum temperature limit, the whole heating system is turned off [32]. 
One can see in Figure 5-6(c) a clear change in the MCHP fluid flow rate profile 
between the two control strategies. With the energy flexible control strategy, the 
MCHP fluid flow rate is kept at its maximum most of the time when the heating 
system is activated. Consequently, the COP during operation periods is greatly 
improved (see Figure 5-6(d)) [32].  
 
89 
 
Figure 5-6: Example of heat storage strategy control for MCHP: (a) temperatures 
in the house (with and without heat storage strategy); (b) activation of the MCHP 
(with heat storage strategy); (c) fluid volumetric flow rate of the MCHP (with and 
without heat storage strategy); (d) COP of the MCHP (with and without heat 
storage strategy) [32]. 
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5.4. PERFORMANCE OF THE MAGNETOCALORIC HEAT PUMP 
WITH ENERGY FLEXIBILITY CONTROL STRATEGY 
All the results presented hereafter correspond to a four-month heating test period 
(from the 1
st
 of January to the 30
th
 of April) for the low-energy house base case 
equipped with UFH and a vertical GSHE under Danish weather conditions (DRY 
2013 [128]). Three different classes of building thermal inertia are tested: light-
weight structure (30 Wh/K.m²), medium-weight structure (60 Wh/K.m²) and heavy-
weight structure (100 Wh/K.m²). In addition, the heat storage temperature span 
(difference between the maximum and the minimum temperature limit / set point) of 
the TES strategy is varied from 0 K to 4 K. The simple fluid flow control cases, 
corresponding to the 0 K temperature span scenario, are used as references to assess 
the improvement caused by the energy flexibility control strategy. Finally, the 
performance of the MCHP can be compared with the one of a conventional vapour-
compression heat pump integrated in the same building cases [32]. 
The performances of the heat pump systems are assessed here by calculating the 
coefficient of performance of the entire heating system. In the case of the 
magnetocaloric device, 
MCHPCOP  is calculated with the useful heating power 
heatingQ  delivered to the UFH, the work of circulation pump pumpW , the work of the 
motor motorW , and the work of the valves valvesW : 
heating
pump motor valves
MCHP
Q
COP
W W W

 
 
(Equation 5-3) 
 
For the conventional vapour-compression heat pump, 
VCHPCOP  is calculated with 
the useful heating power heatingQ  delivered to the UFH, the work of the compressor 
compressorW , and the work of the 3 circulation pumps pumpW : 
r
heati
VCHP
compresso pump
ngQ
COP
W W


 
(Equation 5-4) 
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One can see in Figure 5-7 that both the heat storage temperature span and the 
thermal inertia have a positive impact on the maximization of the time duration at 
which the MCHP runs full-load with optimum COP. In the first part of the heating 
system activation period, the MCHP runs at full capacity and highest COP. The 
second phase of the heating system activation period starts when the warmest room 
in the house reaches the maximum temperature limit. From that moment, the MCHP 
operates part-load with diminished COP until the whole heating system is turned off. 
It is quite clear that if the heat storage temperature span and the structural thermal 
inertia increase, the first part of the activation period at continuous full heating 
capacity will last longer relatively to the part-load period [32]. 
 
Figure 5-7: Full-load operation time share of the MCHP during the four-month 
heating test period [32]. 
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One can observe in Figure 5-8 the consequences of this optimization of the MCHP 
fluid flow rate in terms of COP for the heating system. Larger thermal inertia and 
heat storage temperature span lead to significant improvements of the COP. Even a 
moderate heat storage temperature span of 0.5 K can increase the average COP by 
40%, 74% and 78% for light-weight, medium-weight and heavy-weight structure 
dwellings, respectively. With a maximum heat storage temperature span of 4 K, the 
COP reaches an average of 2.90 for the light thermal inertia house, 3.48 for the 
medium thermal inertia house, and 3.51 for the heavy thermal inertia house. In the 
cases of medium and heavy houses, the MCHP with heat storage strategy presents 
performances which are comparable to those of the conventional vapour-
compression heat pump system. Nevertheless, the COP improvement of the 
magnetocaloric heating system is very limited for a heat storage temperature span 
above 2 K. Moreover, medium and heavy thermal mass houses have very similar 
performances. The latter can be explained by the fact that the light-weight house 
cases have their UFH circuits embedded in a light-weight structure wooden floor, 
whereas it is a concrete screed UFH for medium and heavy-weight houses. As 
explained before, the UFH loops enable an important thermal activation of the floor 
elements. Consequently, a concrete floor provides a much larger thermal storage 
potential than a wooden one. However, additional structural thermal mass such as 
concrete or brick walls and ceilings are not directly activated by the UFH. Therefore, 
its benefit in terms of heat pump operation improvement is limited [32]. 
Because no building envelope insulation is perfect, thermal energy storage in the 
indoor space by increasing the building’s internal temperature will necessarily 
induce higher heat losses by transmission and ventilation. However, the test results 
show that the improvement of the heating system COP largely over-compensates the 
additional heat losses due to the increased indoor temperature. This leads to a 
substantial decrease of the total energy use during the heating period of about 28% 
to 41% compared to the reference cases. For medium and heavy-weight houses, the 
total energy usage of the magnetocaloric heating system with energy flexible control 
strategy is thereby similar to the one of the conventional vapour-compression heat 
pump [32]. 
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Figure 5-8: Box plot diagram of the heat pump COP as a function of heat storage 
temperature span and building thermal inertia (MCHP on the left, conventional 
vapour-compression heat pump on the right) [32]. 
 
The main constraint of thermal storage in the built environment by means of 
temperature set point modulation is the variability of the indoor operative 
temperature. The increase of the temperature set point to 24 °C in well-insulated 
south-oriented rooms with large windows could increase the risks of discomfort due 
to over-heating during sunny days [32]. 
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In order to account for the indoor temperature variability of buildings with the TES 
strategy, the difference between the 5
th
 and 95
th
 percentile of all rooms operative 
temperatures during the heating test period is calculated and presented in Figure 5-9. 
Naturally, the temperature variability increases with the heat storage temperature 
span and decreases with the building thermal inertia. One can notice that in the case 
of medium and heavy-weight structure dwellings, the temperature variability with 
energy flexibility strategy never exceeds the one of the reference case with a simple 
fluid flow controller, even for a maximum heat storage temperature span of 4 K 
[32]. 
 
Figure 5-9: Temperature variability (difference between 5th and 95th percentile of 
the house temperature) during the four-month heating test period (MCHP on the 
left, conventional vapour-compression heat pump on the right) [32]. 
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5.5. CONCLUSION 
In this chapter, it was numerically demonstrated that a magnetocaloric heat pump 
can be implemented in a low-energy single-family house and provide for its indoor 
space heating needs under cold weather climate conditions. The MCHP can be 
integrated in a single hydronic loop including a high temperature ground source heat 
exchanger and a low temperature radiant under-floor heating without the need for 
intermediate heat exchanger or hot water storage tank. When coupled with a vertical 
borehole GSHE and if always running at maximum load, the magnetocaloric heating 
system can deliver up to 2600 W of useful heating power with an appreciable 
average seasonal COP of 3.93. 
However, when implemented in a multi-zone building with a simple fluid flow 
regulation and independent thermostats in each room, the MCHP operates partial-
load most of the time, which leads to modest performances. To tackle this problem, 
a new controller based on thermal storage in the built environment by means of 
indoor temperature set point modulation is implemented. This strategy takes 
advantage of the heating energy flexibility potential of the building to minimize the 
MCHP part-load operation time. Heating needs are shifted in time and concentrated 
over longer periods where the magnetocaloric device can run at full capacity with 
highest COP. 
Test results show that with a maximum temperature set point modulation of 4 K, 
such energy flexibility strategy can improve the MCHP average seasonal COP up to 
2.90, 3.48 and 3.51 for light, medium and heavy structure houses, respectively. 
These performances are comparable with the ones of conventional vapour-
compression heat pumps. Despite the increase of transmission and ventilation losses 
due to higher indoor temperatures, the TES strategy can decrease the total heating 
energy use by about 28% to 41% during the heating period, reaching the same 
energy consumption level as conventional vapour-compression heat pumps. 
Finally, it is shown that both the building thermal inertia and the heat storage 
temperature span have large positive impacts on the magnetocaloric system 
performance with such energy flexibility controller. However, it was found that the 
concrete screed of the UFH is the most contributing thermal mass element for this 
TES strategy. In addition, temperature spans above 2 K do not improve the heat 
pump operation much, whereas it significantly increases the temperature variability 
in the dwelling. 
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For further information, please refer to Appendix C. Paper III and Appendix E. 
Paper V: “Integration of a magnetocaloric heat pump in a low-energy residential 
building” and “Integration of a magnetocaloric heat pump in an energy flexible 
residential building”. 
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CHAPTER 6. CONCLUSIONS OF THE 
THESIS 
The main objective of this research study is to investigate and demonstrate the 
possibility to integrate a magnetocaloric heat pump in a single-family house under 
Danish weather conditions. In addition, numerical analysis is carried out to increase 
the understanding of the heating energy flexibility potential of residential buildings 
using thermal storage in the indoor environment. 
The magnetocaloric heat pump is an innovative technology employing the 
magnetocaloric effect of certain materials in active magnetic regenerator 
thermodynamic cycles generating a heat transfer from a heat source to a heat sink. In 
addition to silent operation, absence of greenhouse or toxic gases and possibility of 
recycling its components, this magnetic heating device has the potential for higher 
coefficient of performance than conventional vapour-compression systems. The 
current study made the numerical demonstration that a magnetocaloric heat pump 
can be coupled to a ground source heat exchanger (heat source) and a radiant under-
floor heating system (heat sink) to successfully provide for the indoor space heating 
needs of a low-energy house in Denmark. These three components are integrated in 
a single hydronic loop without any intermediate heat exchanger or hot water storage 
tank. This configuration simplifies the hydronic circuit which can thus benefit from 
lower installation and operation costs. At maximum capacity, the magnetocaloric 
system delivers up to 2600 W of useful heating power with an appreciable average 
seasonal COP of 3.93. 
However, when implemented in a multi-zone building with a simple fluid flow 
controller, the magnetocaloric heat pump presents modest performance with an 
average seasonal COP of 1.84 at best. This is due to the fact that the heating system 
does not run often at maximum capacity with optimum COP. To tackle this problem, 
this research study presented and tested a magnetocaloric heat pump control strategy 
based on thermal storage in the built environment by means of indoor temperature 
set point modulation. This controller takes advantage of the heating energy 
flexibility potential of the building to store thermal energy and shift the heating 
loads of each room in time. Heating usage is concentrated so that the magnetocaloric 
heat pump maximizes its full-load running time and therefore optimizes its average 
seasonal COP. This energy flexibility control strategy was found to increase the 
performance of the magnetic heating system up to COPs ranging from 2.90 to 3.51, 
which is comparable with conventional vapour-compression heat pumps. However, 
thermal storage in the built environment induces indoor temperature instability. It is 
therefore very important to always keep the building temperature in the vicinity of 
the occupants’ thermal comfort range. 
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Indoor temperature set point modulation and thermal storage in the built 
environment are part of a larger set of demand side management strategies which are 
commonly designated as Building Energy Flexibility measures. These strategies can 
be used to adapt the energy usage of buildings to the energy grid requirements. The 
building sector can thus become an important active and interactive actor of the 
regulation of Smart Energy Grid systems. It can therefore enable the integration of a 
larger share of intermittent renewable energy sources. 
This research study focussed on the heating energy flexibility potential of residential 
buildings in Denmark. This energy flexibility is defined here as the dwelling’s 
ability to shift its indoor space heating use in time by accumulating thermal energy 
in the built environment during low energy price periods, and conserve it during 
high energy price periods. The results of the numerical analysis showed that even 
though effective thermal inertia determines the maximum heat storage capacity of 
the building, the insulation level of the envelope sets the storage efficiency and is 
the most important building parameter with respect to heating energy flexibility 
potential. Well-insulated dwellings can thereby efficiently store thermal energy in 
the indoor environment and shift heating loads over long periods of time. Poorly 
insulated buildings can only shift heating use over short periods of time. However, 
they can move a total amount of energy four times larger than high-insulation 
houses. Low-insulation dwellings can thus have a greater impact on the energy 
grids. 
To a lesser extent, radiant under-floor heating system can also improve the building 
heating energy flexibility when the hydronic circuit is embedded in a dense material 
layer such as a concrete screed. Indeed, compared to a convective emitter, the under-
floor heating decreases ventilation losses and benefits from the large activation of 
the floor thermal mass which increases the effective thermal storage capacity and 
consequently the flexibility potential. 
Passive latent heat thermal storage solutions such as phase change materials 
integrated in wallboards or in furniture elements were found to significantly increase 
the total effective heat storage capacity of light-weight structure buildings. The 
heating energy flexibility capability of the latter could thus be improve by up to 
111% and 87% when employing phase change materials in wallboards or furnishing, 
respectively. However, when positioned on heavy construction elements, phase 
change material wallboards are inefficient because of their limited thermal 
conductivity. 
Finally, it was demonstrated that assuming the indoor space to be an empty volume 
is not appropriate for dynamic energy simulations of houses with low structural 
thermal inertia. Transient thermal behaviour, building time constant, total heat 
storage capacity and therefore heating energy flexibility can be significantly 
influenced by the presence of indoor content and furniture in the built environment. 
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To address that matter, this study reviewed the different methods for modelling 
items and furnishing elements present in the building indoor space. In addition, 
suggestions were made for choosing the representative material characteristics of 
these indoor content elements. 
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CHAPTER 7. FUTURE WORK 
This research study presented promising findings on the application of the 
magnetocaloric heat pump technology for indoor space heating, the heating energy 
flexibility potential of dwellings, and the modelling of indoor content and its impact 
on the building thermodynamics. However, further work is required to assess and 
optimize the performance of these different technical solutions. 
Concerning the magnetic heat pump itself, new magnetocaloric materials should be 
developed to enhance the magnetocaloric effect of the refrigerant. New magnet 
assembly configurations and regenerator geometries should be tested to optimize the 
magnetic field and heat transfer in the refrigerant, and minimize pressure losses and 
magnetic work. Novel designs of the magnetocaloric machines should be invented to 
improve its overall performances and reduce parasitic losses. 
Further investigations should be carried out to understand the implications of the 
building design and the hydronic loop configurations on the magnetocaloric heating 
system performances. New control strategies, such as the ones taking advantage of 
the heating energy flexibility potential of the dwellings, should be tested. In 
addition, cascading implementation of the active magnetic regenerators could be an 
interesting solution to increase the temperature span between the heat source and the 
heat sink and therefore expend the magnetocaloric heat pump applications. The 
latter could thus be coupled with higher temperature heat emitters in poorly 
insulated buildings or be used for domestic hot water production. 
Concerning demand side management strategies, novel methodologies for the 
assessment of the energy flexibility potential of buildings should be developed. The 
acceptability of such measures should also be thoroughly studied as building 
occupants might not agree with domestic heat storage strategies driven by external 
control signals. In the case of thermal accumulation in the indoor environment, the 
elaboration of new phase change materials with enhanced thermal conductivity 
could benefit to passive latent heat storage systems. 
Finally, a better understanding of the complex interactions between the built 
environment and the indoor content / furniture elements should be established. 
Different models of entirely furnished buildings should be compared and full-scale 
experiments should be performed to measure the impact of additional indoor 
elements on the building time constant, HVAC systems efficiency, and thermal 
storage capacity. More accurate dynamic building energy models will benefit to 
energy flexibility and demand side management strategies with precise prediction of 
the transient indoor comfort. Moreover, the performance of furniture systems 
integrating phase change materials could be properly evaluated and optimized. 
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A B S T R A C T
The increasing share of intermittent renewable energy on the grid encourages researchers to develop demand-
side management strategies. Passive heat storage in the indoor space is a promising solution to improve the
building energy flexibility. It relies on an accurate control of the transient building temperature. However, many
of the current numerical models for building energy systems assume empty rooms and do not account entirely
for the internal thermal inertia of objects like furniture. This review article points out that such assumption is
not valid for dynamic calculations. The furnishing elements and other internal content can have a significant
impact on the indoor thermal dynamics and on the occupants’ comfort. There is a clear lack of guidance and
studies about the thermo-physical properties of this internal mass. Therefore, this paper suggests representative
values for the furniture/indoor thermal mass parameters and presents the different available modelling
technics. In addition, the large exposed surface area of furniture pieces offers a good potential for the integration
of phase change materials. It can highly increase the effective thermal inertia of light frame buildings without
any construction work.
1. Introduction
Climate change, pollution and fossil fuel shortage have been
designated by many as some of the most important challenges of the
21st century. To prevent major energy crisis and reduce CO2 emissions,
significant efforts are required in increasing the renewable energy
production while enhancing the energy efficiency of buildings [1]. With
about 40% of the total final energy use in Europe, buildings are indeed
the largest end-use energy sector, followed by transportation with 33%.
Similar repartitions can be observed in the rest of the world [2]. On the
production side, a significant expansion of wind and photovoltaic
power is planned in many European countries [3]. In Denmark, for
example, the energy mix is characterized by a large share of wind power
which is expected to reach 50% on an annual basis in 2020. The energy
development strategy of countries like Denmark relies on the imple-
mentation of a smart grid with high number of wind turbines coupled
with district heating for buildings in cities, heat pumps outside urban
areas and extensive use of electric cars [4] and [5].
Studies suggest that flexible technologies and demand-side man-
agement can improve the integration of renewable energies and
facilitate operation of a smart grid system with high intermittent power
penetration [6]. Indoor space heating accounts for 75% of the energy
demand of a building in Europe [2]. Analyses showed that individual
heat pumps and district heating form the best heat supply solutions in
relation to costs, fuel consumption and CO2 emissions [7]. This
thermal energy can be stored efficiently in the building indoor
environment or in heat accumulation water tanks. It can thereby
decouple the energy need from the intermittent availability of renew-
able energies, reduce excess wind electricity production and allow
optimum use of the free internal and solar gains [8].
Low temperature, water-based radiant heating systems can accu-
mulate heat in buildings with noticeable flexibility. They can be
controlled according to a price signal and contribute to shaving of load
peaks on the grid without affecting indoor comfort. A research
indicated that passive heat storage in the indoor space can be more
efficient for the reduction of excess electricity production and fuel
consumption compared to heat accumulation water tanks [9]. Passive
thermal energy storage (TES) aims to accumulate a maximum amount
of heat in the building thermal mass and indoor volume. The operative
temperature in the building increases when the electricity is available
and cheap, and decreases when the power production is too low.
However, the temperature must be kept within the limits of occupants’
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thermal comfort.
The study, implementation and optimization of such strategy for
energy flexible buildings need accurate dynamic thermal building
models. Nevertheless, many of the current numerical models take into
account solely the thermal inertia of the envelope, the floors and the
internal walls. The indoor thermal zone is considered as an empty
space filled with air only. Furniture and additional mass present in a
real occupied building are not included. This assumption is reasonable
for classic design and energy analysis of buildings based on steady state
or simplified long-term calculations. However, it could lead to notice-
able errors for short-term transient temperature prediction, especially
in residential buildings with light structure and a lot of furnishing,
appliances or objects. This model simplification is thus worth investi-
gating to quantify the role of furniture/indoor thermal mass and
develop passive TES with optimum predictive control.
The large surface area of the furniture exposed to the indoor
environment can be ingeniously used for latent heat thermal energy
storage (LHTES) with the integration of phase change materials
(PCMs). Their appreciable energy storage density is an interesting
asset for increasing the thermal inertia of light structure buildings and
for extending the applicability of the TES strategy. PCM furniture could
allow integration of LHTES in low thermal inertia dwellings without
the need for building renovation.
This paper aims to review the different scientific studies dealing
with the influence of the indoor mass on the building thermal dynamics
and emphasises the opportunities for coupling with the PCM technol-
ogy. The article will first define the thermal mass in buildings. This is
followed by a review on the interaction between the internal elements
and the indoor environment. Representative thermo-physical charac-
teristics for indoor content will be suggested based on published data
and a simple building survey in Denmark. The article will then present
different internal element modelling technics. The two last parts of this
paper will discuss the different kinds of PCMs and the potential for
their integration in furniture. The paper closes with conclusions and
proposal for further investigations.
2. Definition
From the thermodynamics point of view, a building is usually
considered as an assembly of sub-systems or thermal zones. Each of
them is composed of elements with specific conductance and thermal
inertia [10]. This section suggests distribution of these thermal inertia
elements into three categories: thermal zone envelope, indoor air
volume and furniture/indoor thermal mass. Construction parts such
as external walls, floors, ceilings, roofs or partition walls form the
envelope of the thermal zones. They often integrate heavy materials
from the building's structure and have a significant thermal inertia
[11]. The external thermal mass of the building envelope is exposed to
the outdoor and indoor environment. It is not isothermal and its
internal energy varies slowly. On another hand, the air volume
contained inside a thermal zone is usually considered as one single
node with homogenous temperature. The indoor air temperature can
vary quickly because of its limited thermal inertia [10].
If many numerical models only account for the indoor air volume
and the zones’ envelope thermal mass, the real occupied buildings are
actually not empty spaces. The additional furniture/indoor thermal
mass of a building is defined as all the matter in a room with the
following characteristics:
• It is not defined in the construction elements of the building
envelope, floor, ceilings or partition walls.
• It is permanent in the thermal zone. It can move inside the same
zone, but it does not leave it.
• It does not emit noticeable heat.
• Its temperature is driven by convection heat exchange with the
indoor air and long-wave radiation heat exchange with the envelope
inner surfaces, plus the internal heat gains (sun, HVAC systems,
equipment and people loads).
According to that definition, the furniture/indoor thermal mass is
composed of all the furnishing elements (sofa, bed, table, chair, desk,
cupboard, closet, shelves and boards), the finishing parts or accessories
that are not directly integrated in the envelope or walls and the
aggregate of the other objects present in a room (plants, books, clothes,
paper and small appliances). It excludes the body of living beings,
movable objects, which enter and leave the zone several times a day,
HVAC terminals (radiators, air handling units) and all equipment
emitting heat energy (computer, ventilator, engines, lighting, lamps).
3. Influence of furniture and internal mass on the indoor
environment
The furniture/indoor thermal mass elements present a large surface
area for interaction with the indoor environment.
They exchange heat and moisture by convection with the indoor air
and by diffusion with direct contact surfaces such as floors or walls.
They also exchange heat by long wave radiation with the surrounding
surfaces and can cover and hinder heating or cooling radiant systems.
They can change air flow pattern in the room and affect ventilation
efficiency and convection heat transfer. They can also reflect, diffuse
and absorb solar radiation or internal gain and release it quickly to the
surrounding air.
The furniture/indoor thermal mass is thus highly activated and
coupled to the other elements. It is legitimate to wonder if this
additional internal mass can be neglected in numerical models. This
simplification could lead to significant errors especially for light
structure houses or radiant systems. Some researchers have investi-
gated this question. Most of the building related publications about
internal mass and furniture study the chemical compounds emission of
the different materials of furnishing parts and its impact on the indoor
air quality [12]. Building numerical analysis including details of
interior partitions and furniture has pointed out that they have a
significant impact on daylight conditions [13]. However, the following
discussion will only focus on the indoor thermal comfort and the
thermal dynamics issues.
3.1. Micro-climate, indoor humidity and local discomfort
Mortensen et al. [14] investigated the local micro-climate created
by furnishing elements close to cold walls. A piece of furniture placed
near a poorly insulated external wall can lead to condensation on the
inner side of the building envelope. The authors used particle image
velocimetry to perform a two-dimensional experimental analysis of the
airflow pattern in a small air gap between a chilled wall and a closet
placed next to it. Two air gap widths were tested: 25 and 50 mm.
Length of legs of the furniture varied from 0 to 200 mm. The study
indicated that vertical flow dominates with similar behaviour as in
between vertical plates heated asymmetrically. The flow in the air gap
was not fully developed and maximum velocities were found near the
cold wall. Finally, the flow rate increased when the gap was expanded
or if the furniture was elevated from the floor.
The humidity buffering effect of materials located in the thermal
zone can reduce humidity variation. It improves thermal comfort and
decreases energy consumption of the mechanical systems for humidi-
fication or dehumidification. Yang et al. [15] conducted full-scale
experiments on moisture buffering capacity of interior surface materi-
als and impact of the presence of furniture in the interior space. The
results showed that the indoor humidity variation decreased by up to
12% and the total moisture buffering potential of the room increased by
up to 54.6% for a fully furnished case. The authors explained that
furnishing elements present much more surface area for moisture
exchange and buffering than envelope inner surfaces. Furniture
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materials can also hold more water vapour than interior surface ones.
In addition, the variation of moisture contents of walls screened by
furnishing is not always the same as in an empty room. The results also
indicated that a bookshelf with books and a bed with mattress present
higher moisture buffering capacity than tables, chairs and curtains.
In [16], Horikiri et al. used computational fluid dynamics (CFD) to
assess the effect of room occupancy and furniture arrangement with
and without heat generation in terms of local thermal comfort. Three
different configurations of furniture and occupants were compared
with the empty room case. The study pointed out that addition of non-
heat generating furnishing in the ventilated room can induce compli-
cated flow re-circulations and high local air velocities around edges of
the furniture. However, it has little influence on room temperature and
airflow buoyancy strength, compared with that of unfurnished room
case. Finally, the heat generation from the TV did not have important
impact on the thermal comfort and heat transfer.
Another CFD analysis [17] looked into the interaction of ventilation
and air-conditioning emitters with furniture in a bedroom. It con-
cluded that the location of air-conditioner unit should take into account
the existence of the room's furniture to avoid cold air re-circulation and
local draft. Furniture obstruction can indeed lead to the air jet to not
fully develop and bounce directly to the occupants.
These different publications emphasised that the existence of
furniture in the indoor environment can have a significant impact on
the internal air dynamics, local and global humidity conditions and
comfort.
3.2. Impact of indoor elements on HVAC systems performance
Furnishing, carpets and interior decoration elements are often laid
directly on the rooms’ internal surfaces. They produce sensitive
changes in radiative and convective heat exchange processes and
impact the performance of heating and cooling radiant systems. It is
therefore stated in the REHVA Guidebook [18] that additional surface
thermal resistance should be applied in order to account for carpets
and finishing layers covering radiant floor systems.
Zhao et al. [19] performed detailed calculations and field tests,
which emphasised the effect of chairs and benches on the performance
of radiant floor cooling systems, exposed to high solar load in a large
building. These furnishing elements can overshadow the cooling sur-
face and produce local lower surface temperatures. The floor surface
under the benches was 3.8–7.5 °C colder than the unsheltered one.
Consequently, the cooling effect of the covered radiant floor was
decreased by 83%. The risks of moisture condensation on these cold
shaded zones are also much higher. This should be taken into account
for the system's design to insure that the lowest surface temperature is
kept higher than the dew point of the local surrounding air.
Corcione et al. [20] published numerical studies showing a non-
negligible decrease in the heat transfer from radiant surface systems to
the furnished indoor space in comparison to an empty room case. The
air and mean radiant temperature were also impacted. Fontana [21]
extended this work with experimental investigations using a small-
scale test setup to look at the impact of furniture pieces with different
surface areas, locations and distance from the floor. The author
concluded that 40% of floor covering with different kinds of furniture
can reduce the heat flux from the radiant floor to the room by 25–30%.
Pomianowski et al. [22] conducted a full-scale experiment concern-
ing the influence of an internal obstacle on the overall heat transfer in a
room when using displacement night time ventilation. The presence of
a table changed the average convective heat transfer coefficient in the
test chamber and the mean heat flux at the ceiling by 3.96% and 9.84%
respectively, when applying an air change rate of 6.6 h−1. The only
noticeable drops in the temperature efficiency caused by the presence
of the table were observed at low air change rates.
The studies presented above pointed out that the influence of
furniture cannot be neglected when designing a radiant floor system.
Surprisingly, it has been found that Fontana [21] was the only one to
publish the results of an experiment investigating the impact of
furniture on radiant systems. As mentioned by Le Dréau [23], further
experimental researches are required to quantify the effect of furniture
on the effectiveness of radiant systems.
3.3. Building thermal dynamics
The transient thermal behaviour of buildings mainly depends on
the heat load admission rate and the activated thermal capacity. The
building effective thermal capacitance quantifies its practical energy
storage potential. It can considerably differ from the apparent thermal
capacitance, which is the sum of specific heat capacities of the building
elements [24]. Many different studies looked into the impact of the
thermal inertia on the building dynamics, the reduction of temperature
swings and cooling peak shaving with night time ventilation strategies
[25–27] and [28]. However, most of them only consider the thermal
mass of the building envelope and partition walls.
Antonopoulos and Koronaki [24,29] and [30] characterized the
thermal capacitance, time constant and thermal delay of typical Greek
detached houses with a one-dimensional finite-difference model. The
authors took into account the presence of furniture thermal mass and
modelled it as an equivalent one-side wooden slab of 6 m2 per m2 of
floor area and a thickness of 5 cm, which gives an internal mass density
of about 180 kg per m2 of floor area. No justification was given for the
choice of this value. Solar load and internal heat gains were applied to
the air node only. The results showed that the envelope, partition walls
and furniture represented 78.1%, 14.5% and 7.4% respectively, of the
total effective building thermal capacitance. The authors concluded
that furniture/indoor mass can increase the building time constant and
thermal delay by up to 40% (25% for interior wall partitions and 15%
for the furnishings).
Yam et al. [31] developed a simplified building model with adiabatic
envelope and no internal sun load to inspect the nonlinear coupling
between internal thermal mass and natural ventilation. They found
that a maximum indoor temperature phase shift of 6 h can be achieved
if the fresh air is directly supplied from the outdoor environment,
presenting periodic temperature variations. The authors suggested that
an appropriate amount of thermal mass should be used in building
passive design because further increase above an optimum point does
not change the phase shift of the system. Zhou et al. [32] extended the
aforementioned study by adding the envelope thermal mass into
consideration. The results showed that increasing the internal thermal
mass of a building with a large time constant to adjust the indoor air
temperature is not an effective solution.
Wolisz et al. [8] carried out a numerical analysis on the impact of
modelling furniture and floor covering in thermal building simulations
with temperature set point modulation control. The study cases were a
massive building and a light frame building, both with very good
insulation levels and under-floor heating systems. The furniture
element was represented by an equivalent horizontal board of wood
or metal. Long-wave radiation heat exchanges were modelled by
coupling inner surfaces to a fictive massless black body node in a star
network scheme [33]. One internal wall had 50% of its surface area
covered by furniture. It was found that after 4 h of increased set point,
an empty massive room was 1.2 °C warmer than the one with flooring
and furniture. A fully equipped massive room can have a time delay of
more than 7 h to raise its temperature by 5 °C, compared to an empty
room. Furnishing and floor covers can change cool-down times by up to
2 h in the case of periodic set point control. The floor covering
presented more significant effect on the heating time than the furniture
element because the under-floor radiant system was used as a heating
source. However, the effect of furniture became more important for the
lightweight room with periodic set point scenario. The authors
concluded that both the furniture and the floor covering of a room
have a distinct and significant impact on the indoor temperature for
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dynamic set point control.
If the influence of furniture is negligible in the case of steady state
building thermal calculation, it is clearly not the case for the evaluation
of dynamic strategies such as night time ventilation cooling or passive
TES. The previously reviewed publications showed that the empty
thermal zone assumption will necessarily lead to a noticeable under-
estimation of the building thermal capacitance and thus higher internal
temperature swing. Consequently, such simplification can produce
deviation of few degrees in the calculation of dynamic indoor tem-
perature, which is significant for set point modulation control and TES
in the indoor space.
3.4. Impact of internal mass on building energy needs
Only one publication focusing on the effect of furnishing on the
building energy need has been found. Raftery et al. [34] performed a
sensitivity analysis on the influence of furniture on the peak cooling
load of a large open space multi-story office building located in San
Francisco. The authors used the Energy Plus software and varied
multiple parameters such as type of HVAC system, building orienta-
tion, window to wall ratio, envelope thermal inertia and amount and
surface area of the internal mass element. Two different furniture
models were tested: a simplified non-geometric furniture element,
which is not taken into account for solar radiation and long-wave heat
exchange and a new model with a geometric representation of an
equivalent furniture slab located in the centre of the room, 0.5 m above
the floor. With the latter, direct and diffuse solar radiation repartition
can be executed accordingly with shading effect of the planar element
on the floor. Long-wave radiation heat exchange can also be calculated
with correct view factors. Results were presented using the median
value following by the lower and upper quartiles in parentheses. The
study found that internal mass can change peak cooling load by −2.28%
(−5.45%, −0.67%). The geometric modelling changed peak cooling load
by −0.25% (−1.02%, +0.23%) when compared to the non-geometric
model. This geometric modelling had a larger effect in cases with high
direct solar radiation and almost no effect for low solar loads. The
impact was also found more important for HVAC radiant systems,
which yield a surface temperature asymmetry. The thickness of the
internal mass element had a relatively large impact on results. Very
thin elements with a small time constant convert the solar load into a
convective load quickly and can thus increase the peak cooling load.
The authors concluded that the choice of modelling method is not
significant compared to the uncertainty on the internal mass char-
acteristics such as surface area, material properties, weight and
thickness.
4. Internal thermal mass characteristics
As pointed in [34], there has not been found any survey, study or
clear guidance concerning reasonable or typical values for furnishing/
indoor mass parameter in buildings. This section treats this issue by
presenting the results of a simple survey performed on residential and
single office buildings in Denmark. Since the total amount of internal
mass in each room and building can vary significantly from case to
case, only a survey with a large sampling could pretend to provide
statistically representative data. Therefore, the following study only
intends to suggest reasonable boundaries for the internal mass and
furniture parameters.
4.1. Internal mass materials
Multiple sources such as international standards, software docu-
mentation, industrial technical reports and scientific publications have
been combined [35–41] and [42] to assess the thermal properties
variation span of common building materials.
Density and thermal conductivity are two parameters, which are
relatively easy to measure precisely. They are well defined in different
catalogues. In Fig. 1, one can see a clear correlation between material
density and thermal conductivity. Several researchers have already
studied this point [43–47] and [48]. Apart from metal, most of the
building materials are porous media and compound of plastic, natural
cellulose fibres or minerals. Their thermal conductivity is mainly
determined by the air and water content, which is directly related to
their porosity and, therefore, to their density. On the other hand, the
specific heat capacity of the material is more difficult to assess. It has
been noted that the same value is often given for the whole class of a
material in the sources. As shown in Fig. 2, there is no clear relation
between the density and the specific heat capacity of construction
materials.
The mass and volume of objects are rather simple parameters to
estimate. Therefore, it is suggested to classify the different materials in
function of their density and deduct the thermal conductivity and
specific heat capacity from this first characteristic. One can see this
simple classification and representative thermal properties in Table 1.
4.2. Element thickness
Most of the building and internal mass elements have a planar
shape. It is, therefore, possible to measure their thickness and surface
area systematically. The simple survey on the Danish buildings showed
that the surface weighted average thickness of indoor wood elements is
1.8 cm. Minimum and maximum thicknesses are 1 and 5 cm respec-
tively. Metallic elements have a thickness between 1 and 3 mm.
Ceramic and glass pieces have a thickness between 0.2 and 2 cm.
Light material elements have a thickness from 0.5 to 24 cm.
Fig. 1. Thermal conductivity of building materials in function of density.
Metal Material
Fig. 2. Specific heat capacity of building materials in function of density.
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4.3. Quantification of the internal thermal mass
The total amount of internal mass in a building is not a trivial
parameter to find. Unfortunately, professional removal companies do
not estimate nor measure it. In [34], it is stated that the Californian
non-residential alternative calculation method manual (2005) pre-
scribes the value of 391 kg/m2 of total floor area. It corresponds to
about 470 kg/m2 of net floor area. This value is very high because it
probably takes into account the total amount of thermal mass including
the envelope and the partition walls. The US benchmark commercial
buildings from the PPNL (2013) and the DOE (2010) models use an
amount of internal mass corresponding to 177 kg/m2 of wood spread
over twice the floor area. In the parametric study of Raftery et al. [34],
the internal mass is varied from 0 up to 300 kg/m2 of floor area.
Antonopoulos et al. [30] used around 180 kg of wood per m2 of floor
area. In order to assess which of these values are realistic, the mass and
dimensions of each piece of internal elements have been measured in 6
different bedrooms, 3 living rooms and 3 single office rooms in
buildings located in Denmark. Fig. 3 presents the results of this simple
survey.
As seen in Fig. 4, the total internal mass is often over-estimated. It
is suggested that a reasonable range for the internal mass density in
office and residential buildings would be 10–100 kg/m2 of the net floor
surface area.
4.4. Internal mass effective heat capacity
The thermal inertia of the different building elements can also be
evaluated according to their effective heat capacity. It can be repre-
sented as the thermal storage capacity of a system subject to variable
boundary conditions. It is chosen to use 24-h period sinusoidal
variations to assess the effective heat capacity of a building in the case
of daily indoor TES. It can be calculated with a one-dimensional
numerical model such as finite control volume method or with a matrix
calculation procedure defined in international standards [49].
However, such calculation requires a detailed description of every
element present in the indoor space, which is rarely the case. To
overcome this problem, Wang et al. [50] modelled the internal mass of
a thermal zone as a lumped thermal capacitance and identified this
parameter from the HVAC operation data with a genetic algorithm
estimator.
It is stated in the French energy building regulation that the
effective daily heat storage capacity of furniture is 20 kJ/K.m2 of floor
area [11]. Antonopoulos et al. calculated a value of 45 kJ/K.m2 for a
typical Greek residential house [30]. In [23] and [51], the indoor air
volume thermal capacitance is multiplied by 5 and 8 respectively, in
order to account for the furniture thermal mass. This is equivalent to
about 17 and 27 kJ/K.m2 respectively. Based on the detailed descrip-
tion of the internal mass survey in Danish buildings, the effective daily
heat capacity of each construction and internal element is calculated
with the matrix calculation method [49]. Furniture elements, metal
pieces, lightweight material, clothes, books, paper, appliances and
other objects are aggregated in different equivalent planar elements
with appropriate material thermal properties. The same constant
surface resistance of 0.13 K m2/W is assumed on both sides of the
equivalent planar elements. Internal radiation gains are not taken into
account.
The results from the survey presented in Fig. 5 are in good
agreement with the other sources. The same matrix method is then
used to calculate the daily effective thermal capacitance of the inner
surfaces of the rooms for buildings with different class of envelope
thermal mass.
Table 1
Representative building material categories and their characteristics. The average value
is followed by the lower and upper range limits in parentheses.
Material/
Properties
Density (kg/
m3)
Thermal
conductivity (W/
m K)
Specific heat
capacity (J/
kg K)
Light material 80 (20–
140)
0.03 1400
Wood/plastic
material
800 (400–
1200)
0.2 (0.1–0.3) 1400
Concrete/glass
material
2000
(1500–
2500)
1.25 (0.5–2) 950
Metal material 8000 60 450
Fig. 3. Internal mass of the building survey.
Fig. 4. Comparison between results of the survey and other published values from
Antonopoulos et al. [29] and Raftery et al. [34].
Fig. 5. Daily effective heat capacity of internal thermal mass in buildings. Comparison
with published values from Le Dréau [23], Antonopoulos et al. [29], French building
regulation (RT 2005) [11] and Berthou [51].
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As seen in Figs. 6 and 7, the daily effective heat capacity of the
internal mass holds a significant share of the total room thermal
inertia. It is particularly important in the case of lightweight structure
buildings. Because the internal mass is quickly activated, the impact on
the total inertia is even more visible when considering the hourly
effective thermal capacity (see Fig. 8).
4.5. Impact of internal mass properties on daily effective heat
capacity
A simple parametric sensitivity analysis of the daily effective heat
capacity is performed for four different materials with the matrix
calculation method. Density, heat conductivity and surface thermal
resistance are varied within reasonable limits. The daily thermal mass
activation percentage (ratio of effective heat capacity on apparent heat
capacity) is calculated in function of the element thickness.
As shown in Fig. 9, all parameters of the equivalent planar elements
have a significant impact on their effective thermal capacity. However,
in the case of daily boundary condition variations, the slab elements are
almost totally activated, meaning that their effective thermal capaci-
tance is very close to their apparent maximum thermal capacitance.
However, this is not the case for light material elements thicker than
10 cm with density higher than 80 kg/m3. Lightweight elements thicker
than 10 cm are generally mattresses and cushions. According to retailer
documentation, their density is always lower than 60 kg/m3. It is,
therefore, reasonable for a simple calculation to assume that the daily
effective thermal capacity of the indoor mass is equal to its apparent
thermal capacity Fig. 10.
5. Internal mass modelling
The furniture/indoor thermal mass forms a set of complicated
geometries with various materials. It is necessary to simplify such
complex system in a proper way so that it grasps the dominant aspects
of the indoor physics. This section reviews different approaches found
in publications and software documentation.
5.1. First order thermal network
Simplified thermal network or resistance – capacitance (RC)
models with the xR1C configuration aggregate all the effective thermal
inertia of the thermal zone (indoor air, interior walls, furniture and
building envelope) in a single capacitance [52]. It is assumed that this
thermal mass is perfectly isothermal with homogenous equivalent
properties. An example of such model in described by a 5R1C scheme
in the ISO 13790:2008 standard [53].
5.2. Higher degree thermal network
In order to refine the dynamic response of building models, the
thermal mass elements with dissimilar thermal diffusivities are segre-
gated into different lumped capacitances. Two clearly distinct thermal
masses are the indoor air volume and the construction elements. In
xR2C schemes and higher degree models, the indoor air temperature is
coupled to the air volume heat capacitance. The building envelope
temperature is coupled to an equivalent wall capacitance [51]. The
question is thus to decide where to include the furniture and other
indoor items.
One way is to assume that objects in the indoor zone are perfectly
isothermal and always in thermal equilibrium with the indoor air node.
In this situation, all the indoor content capacitance is added to the one
of the air. This configuration can be found in TRNSYS multi-zone
building model (type 56) [54] or in the xR2C schemes described in ref
[51]. The air capacitance is simply multiplied by a constant value to
account for the additional furniture inertia. Nevertheless, no require-
ment or indication concerning this parameter has been found. The
TRNSYS software uses a default value of 1.2 times the air volume heat
capacitance, but some guided examples advise using a value of 3 [54].
In Refs. [23] and [51] the coefficient is set to 5 and 8 respectively.
Another solution, presented in the 6R3C model of ref [51], is to couple
the furniture thermal capacitance to the inner surface envelope
temperature node. It is also possible to aggregate interior walls,
furniture and other indoor mass into a lumped capacitance which is
distinct from air and external walls one [52]. This internal mass sub-
system can be expended into a 2R2C scheme to account for the
temperature gradient in the equivalent element [50].
Fig. 6. Total daily effective heat capacity of buildings.
Fig. 7. Share of the internal thermal mass in the total daily effective heat capacity of the
building.
Fig. 8. Share of the internal thermal mass in the total hourly effective heat capacity of
the building.
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5.3. Distinct internal mass capacitance
One could consider that the thickness, thermal diffusivity and heat
exchanges of internal mass elements differ significantly from the ones
of the air volume and wall inner surfaces. The temperature difference
between the furniture node and the other elements would justify an
indoor mass modelling with its own lumped capacitance. The TRNSYS
Type 56 model is a non-geometrical heat balance [54]. The room
furnishings can easily be included in the star network for radiation and
convection heat exchange [33] and [54] as a new lumped capacitance
like an ordinary wall element. The location of the internal mass is not
required, but a proper representative surface area must be specified
[55]. The effective thermal mass area is defined in international
standards [53] as A C A κ= / ∑ ( × )m m i i
2 2 . Where Cm, Ai, κi represent
total effective heat capacity of the zone [J/K], area of the i element
[m2], areal effective heat capacity of the i element [J/K m2], respec-
tively.
5.4. Virtual sphere model
In models presented before where an element is represented by a
single node, the temperature distribution is assumed to be uniform.
The element is isothermal, and heat exchanges are treated as quasi-
static processes. This assumption is acceptable if the thermal diffusion
within the thermal mass is much faster than the heat transfer at the
volume surface. It is the case when the Biot number is smaller than 0.1.
For wooden plate element, this condition would be fulfilled if the
thickness is smaller than 2 mm. However, most of the internal mass
and furniture elements are thicker than 2 mm. Therefore, the lumped
method should not be used to model the interior thermal mass [56].
The Biot number calculations for planar elements with different
materials presented in Table 2 clearly show that only metal elements
can be modelled realistically with the lumped method.
In order to overcome this problem, Zhou et al. [57] presented a
building model where the effect of intern mass is calculated by the
virtual sphere method. The latter was first proposed by Gao et al. [58].
It aggregates different shapes of solid body into a single sphere with a
radius equal to the characteristic length of the element. It is appro-
priate for systems with Biot number in the range of 0–20, which is
typically the case for internal building content. Zhou et al. published a
new formulation for unsteady heat transfer of the indoor mass. The
total heat capacity for N internal thermal mass elements is
C M C= ∑i
N
i m i=1 , [J/K]. The radius of the virtual sphere is
R V S= 3 ∑ / ∑i
N
i i
N
i=1 =1 [m]. Where Mi, Cm i, , Vi , Si represent mass [kg],
heat capacity [J/kg K], volume [m3], area [m2] of i internal thermal
mass, respectively. The heat balance equation between the virtual
sphere and the indoor air is then developed with the external and
average temperature of the sphere. The temperature of the solid can be
calculated from analytical solution of the heat equation in spherical
coordinates. Moreover, an effective convection heat transfer coefficient
is introduced to account for the uneven distribution of internal mass
temperature. Nevertheless, the current model does not include radia-
tion heat exchanges.
5.5. Virtual equivalent planar element
In the Energy Plus and IDA ICE software, there is a possibility to
insert furniture elements as a one-dimensional multi-layer planar
element [59,60] and [61]. The same approach is used in ref [30], [8]
and [56]. The energy balance and temperature distribution of this
simple system is easy to solve by the mean of numerical methods.
However, these internal mass equivalent slab elements do not have a
geometric representation in the thermal zone. This means that the
presence of the planar elements in the room is not taken into account
for the internal solar distribution or the long-wave heat exchanges in
between inner surfaces. The equivalent furniture element only interacts
with the air node by convection.
5.6. Geometric equivalent planar element
As mentioned before, Raftery et al. [34] developed and implemen-
ted into Energy Plus an internal mass equivalent planar element model
with a geometric representation and location inside the thermal zone.
This object is thus fully taken into account for the computation of the
direct light beam reaching internal surfaces, diffuse solar repartition
and radiant mean temperature. The long-wave radiation heat exchange
Fig. 9. Daily activation of the equivalent material elements thermal mass.
Fig. 10. General categorization of PCMs [69].
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can be calculated by radiosity method with correct view factors affected
by the furniture element in the middle of the room. Shading effect on
the floor is modelled properly which adds a more realistic physical
behaviour to radiant systems.
5.7. Heat balance modelling
The energy balance of an internal mass element depends on the
three heat transfer modes. The dynamic conduction in a solid is a well-
known problem which is handled by solving the heat equation with
numerical methods such as finite difference, finite volume, finite
element methods or transfer functions [23]. One-dimensional heat
flux with constant thermal properties and homogenous surface tem-
peratures are convenient assumptions, which are reasonable in the case
of slabs such as equivalent internal mass elements.
Solar radiation distribution to the internal mass can be modelled in
a simple way with the “solar to air factor” or “sol-air coefficient”. It is
defined in the standard ISO 15265:2007 [62] as the fraction of the
radiation entering through a glazing which is immediately delivered as
a convective heat flow to the indoor air. This fraction depends on the
presence of internal elements with very small time constant such as
carpets or furniture. These thin elements can be illuminated by direct
solar radiation and reach thermal equilibrium with the indoor envir-
onment within one simulation time step. This coefficient is assumed to
be time independent and set to the default value of 10%. However, this
factor does not exist in the simplified modelling method described in
the ISO 13790:2008 [53]. BSim software documentation [10] advises
to fix this factor between 10% and 30%.
If the internal elements have a real geometry in the indoor space,
various calculation methods can determine the shadow and direct solar
beam trajectory striking internal surfaces with a certain number of
reflections and diffuse re-emission. The diffuse sun radiation distribu-
tion is performed separately with a simple absorptance weighted area
ratios or from view factors between internal surfaces and the windows
(Gebhart Method) [54]. The ray tracing method gives very accurate
results for the solar repartition of direct and diffuse sun gain on inner
surfaces but it is computationally demanding. The values are thus pre-
calculated for different positions of the sun in the sky and then
interpolated during the actual simulation [23].
Straightforward long-wave radiative exchange models have been
developed for simple geometries with 2 or 3 interacting surfaces and
infinite reflection [23]. Concave configurations with more surfaces can
be transformed in a simplified start network with coupling to a central
fictive massless black body node [33] and [54]. The radiosity method
gives the exact solution to long-wave radiation heat exchange, but it
needs higher computation resources, especially when surface tempera-
tures are unknown [23]. This method is based on the calculation of the
view factor matrix. The latter can be determined in a furnished
enclosure by the mean of correlations taking into account the obstruc-
tion of an object by another one [63] or with the ray tracing method.
The convection is the least well understood and thus the most
difficult thermal transfer mode to simulate in building physics. It has
not been accurately modelled yet and many simplified models use
constant convective or combined convective/radiative indoor heat
transfer coefficients ranging from 0.7 to 5 W/m2 K and from 5.88 to
10 W/m2 K, respectively [64]. However, the review paper of Peeters,
Beausoleil-Morrison and Novoselac [65] presents detailed empirical
correlations for various indoor configurations and surface orientations.
6. Phase change materials for building energy storage
In recent years, the use of phase change materials to enhance the
thermal capacity of the buildings is becoming an attractive solution
[66]. Indeed, PCM's latent heat can store 5–14 times more thermal
energy per unit volume than sensible storage materials such as water or
concrete [67]. Moreover, this high storage density can be employedTa
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with a small temperature change. This section gives an overview of the
state-of-the-art of materials with solid-liquid phase transition which
are the most commonly used PCMs for building applications [68].
6.1. PCMs characteristics
A good PCM for building TES should have the following properties:
• Melting temperature in the desired operating range to assure useful
heat storage and extraction. Building application temperatures
range from 15 °C (cold storage) to 70 °C (heat storage).
• High latent heat of phase transition per unit volume to achieve high
storage density.
• High specific heat to provide additional sensible heat storage.
• High thermal conductivity of both solid and liquid phases to assist
the energy charging and discharging process.
• Small volume change on phase transformation (less than 10%) and
small vapour pressure at operating temperature to reduce the
containment problem.
• Congruent melting for a constant storage capacity with each
freezing/melting cycle.
• Complete reversible freeze/melt cycle. Stable and reproducible
phase change over time. No degradation after a large number of
freeze/melt cycles.
• High nucleation rate to avoid sub-cooling of the liquid phase and to
assure that melting and solidification proceed at the same tempera-
ture.
• No corrosiveness to the construction and containment materials.
• Non-toxic, non-flammable and non-explosive material for environ-
mental and safety reasons.
• Abundant, available and cost-effective to be economically competi-
tive with other storage options.
Relevant PCMs for building TES are paraffin, fatty acids, salt
hydrates and their eutectic mixtures. Their price varies from 0.5 to
10 €/kg. Different technics allow change in their chemical composition
and combination with other substances in order to tune the melting
temperature to a desirable one, improve the thermal conductivity and
incorporate them into common construction elements [70].
The paraffins are very popular organic PCMs. They have a wide
range of melting temperatures with a density of around 900 kg/m3.
Most of commercial products are extracted from oil. They are cheap
with good thermal storage densities (around 200 J/g or 180 MJ/m3).
They undergo negligible sub-cooling during the freezing process and
provide congruent melting. They are non-corrosive, chemically inert
and stable with no phase segregation and low vapour pressure.
However, their flammability and low heat conductivity (around
0.2 W/m K) are certain limitations of their effectiveness [71].
Other organic PCMs are generally found in the form of fatty acids.
Their melting temperatures vary from 5 to 70 °C. They possess
appreciable latent heat ranging from 45 to 210 J/g but usually around
150 J/g (140 MJ/m3). They have the advantages of congruent melting,
low sub-cooling and vapour pressure, non-toxicity, good thermal and
chemical stability, small volume change, self-nucleating behaviour and
biodegradability. They are also capable of thousands of thermal
(melting/freezing) cycles without any notable degradation in thermal
properties. The raw materials of fatty acids can be obtained from cheap
sources such as the fat of animals and vegetables. They are divided into
six groups: caprylic, capric, lauric, myristic, palmitic and stearic. They
can be combined together in different proportion to form binary and
ternary fatty acids eutectic mixture. The phase change temperature of
these eutectic mixtures can be tuned to desirable ranges. Their high
surface tension improves their capability of integration in a porous
material matrix. However, like paraffins, the major drawback of fatty
acids is their low thermal conductivity (around 0.17 W/m K) [71] and
[72].
Esterification of fatty acids with alcohols is a common method to
shift the phase transition temperature. It enables decreasing the
melting point of fatty acids with high thermal capacity. The production
of binary and ternary PCMs by mixing fatty acids with fatty alcohols,
polyethylene oxide, oleic acid, pentadecane or other products with low
melting temperature is another possible tuning technic [72].
Other organic PCMs have received less attention by researchers
such as sugar alcohol. Some of the polyalcohols have latent heat almost
double than that of the other organic PCMs but their melting point
ranges from 90 to 200 °C, which is too high for building applications.
Among them, erythritol is especially noticeable with a latent heat of
fusion of 339.8 J/g at 120 °C.
Bio-based PCMs are organic materials produced from the biomass:
soybean oils, coconut oils, palm oils and beef tallow. Like the other
organic product, they have an interesting latent heat with good
chemical stability and phase transition temperatures ranging from
−22.77 to 77.83 °C. Nevertheless, they suffer from the same problems
as other organic materials [71].
Inorganic PCMs are classified into two main material groups:
hydrated salts and metallic products. Metallic PCMs have too high
melting temperatures for building applications. Like previously men-
tioned PCMs, the salt hydrates possess a significant storage capacity
and operate phase transition at ambient temperature. Many studies
focused on the calcium chloride hexahydrate, sodium sulphate and
magnesium chloride hexahydrate because of their availability, moder-
ate costs and non-flammability. Salt hydrates have a density of around
1700 kg/m³, which is twice higher than for paraffins. With a maximum
latent heat of around 200 J/g, their heat storage on a per volume basis
is around 350 MJ/m3, which is much higher than organic products.
Another significant advantage is their thermal conductivity (around
0.5 W/m K), which is also higher compared to organic materials.
However, these products become chemically instable at high tempera-
ture. Heating cycles cause continuous dehydration of the PCM and the
heat storage capacity usually degrades over time. Moreover, most salt
hydrates melt incongruently with the formation of a lower form
product. This irreversible process is an additional drawback for their
long term performance. The liquid phase separation and segregation
can be prevented by addition of gelling or thickening agents. Sub-
cooling is another problem associated with salt hydrates. The phenom-
enon is characterized by a solidification of the product below its phase
transition temperature. It can be reduced by inducing heterogeneous
nucleation in the salt hydrates thanks to nucleators or direct contact
with an immiscible heat transfer fluid [70].
One can see that there is no perfect product for LHTES in the
temperature range 19–25 °C. Fig. 11 shows that very few of them
present latent heat above 200 J/g. Organic PCMs offer better chemical
and thermal stability with congruent melting and they exhibit little or
no sub-cooling. On the other hand, inorganic products suffer from
Fig. 11. Compilation of PCM thermal properties found in the literature [70–88] and
[89].
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cycling instability, require nucleating and thickening agents to mini-
mize sub-cooling and are highly reactive to metal materials. Therefore,
the organic PCMs seem to be the most appropriate for low temperature
building TES application.
6.2. PCMs containment
For building applications, a PCM should be contained or mechani-
cally stabilized so that the liquid phase cannot flow away. A good
integration within passive LHTES system has to prevent direct contact
between the product and its environment to avoid deterioration of the
PCM by its surrounding and vice versa.
PCMs can be integrated into conventional building materials by
direct incorporation or immersion methods. The first method is the
simplest and the cheapest. The PCM is directly mixed with construction
materials such as gypsum, concrete or plaster during their production.
For the immersion method, the porous construction material is
immersed into the melted PCM. The porous media absorbs the product
by capillarity. However, leakage and incompatibility with building
materials may occur in the both cases [66].
PCMs can be encapsulated before incorporation into building
elements. The containment should provide strength, flexibility, resis-
tance to corrosion, structural and thermal stability. It should also
separate properly the material from its environment but have sufficient
surface area for optimum heat transfer [90].
The micro-encapsulation method involves small (less than 1 mm)
spherical or rod-shaped PCM particles coated with a thin polymeric
film. This film must be compatible with both the PCM and the matrix.
This technique improves heat transfer to the surrounding through its
large surface-to-volume ratio. It also provides a good cycling stability
since phase segregation is restricted to microscopic distances [91].
Even though microencapsulation is a relatively expensive process,
micro-encapsulated paraffin is a popular solution such as the commer-
cial product Energain® [92] which contains 60% PCM and presents a
latent heat of around 70 J/g [93].
It is also possible to encapsulate PCMs at nano-scale. A study
suggested that the nano-capsules are more stable than micro-capsules.
Paraffin was successfully encapsulated in 100 nm diameter formalde-
hyde spheres. With a PCM mass content of 60%, this product showed
an appreciable latent heat of 134.61 J/g [94].
Macro-encapsulation is a simple containment method. The PCM
placed in bulk storage reservoirs such as tubes, pouches, spheres or
panels which are usually larger than 1 cm. The first historical macro-
encapsulation systems were too large and suffered from the poor
thermal conductivity of most PCMs to insure an efficient energy
loading. The product solidifies at the edges of the containers preventing
effective heat transfer. The containers can serve directly as heat
exchangers to overcome this problem. Aluminium profiles with fins
or heat exchanger with finned tubes filled with PCM can thus
significantly increase the heat transfer rate and reduce phase segrega-
tion [70] and [95].
In recent years, shape-stabilized PCMs were attracting a lot of
attention. They have a large apparent heat storage capacity, suitable
thermal conductivity, chemical and mechanical long-term stability
[95]. Stable form PCMs without any leakage can be obtained by
impregnation of porous material matrices. Direct impregnation technic
is simple, but the vacuum impregnation method is more effective in
loading very fine mesh porous matrix with a maximum amount of
product. The latent heat of these compounds increases almost linearly
with the PCM fraction mass [96]. For example, a shape-stabilized PCM
composed of 80% mass paraffin and 20% styrene-butadiene-styrene
can reach 80% of pure paraffin's latent heat [97]. Because of their high
surface tension and chemical stability, organic PCMs are the most
appropriate for integration in porous matrices [96]. Many researchers
tested incorporation, stability and thermal properties of PCMs in
various porous materials such as expanded perlite [98], halloysite
nanotubes [99], montmorillonite [100], vermiculite [101], expanded
graphite [102], porous silica matrix [103], expanded clay aggregate
[104] and diatomite [105].
6.3. PCMs thermal transfer enhancement
PCMs are employed to accumulate energy within short periods. Fast
loading and unloading capability is therefore a problem for LHTES
systems because of their low thermal conductivity. Numerous technics
for heat transfer enhancement have been tested in order to increase the
activation depth of the material layer and consequently improve the
energy storage capacity. High conductivity structures in bulk PCM
reservoir such as copper, aluminium, nickel, stainless steel and carbon
in various forms of fins, plates, honeycomb, wool, foam, fibres or brush
have been employed as thermal conductivity promoters. The presence
of metal fins in PCM macro-containers significantly hinders natural
convection in the liquid phase but strongly enhances the conduction
[106]. The integration of PCMs in highly conductive porous matrices or
the dispersion of high conductivity particles (expanded graphite,
fibrous materials, macro, micro or nano capsules) has been widely
studied as containment and heat transfer enhancement [107]. Direct
exposition to solar radiation, high radiation absorptivity of the finish-
ing surface and augmented convective heat transfer can highly improve
LHTES capacity as well [110] and [111]. The performances of some
thermal conductivity enhancement technics are presented in Table 3.
6.4. Passive latent heat storage applications in buildings
LHTES has found many practical applications from solar energy
storage to space satellite thermal regulation or cooling of the electro-
nics. This discussion focuses on low temperature passive LHTES
systems in buildings, loaded and unloaded by the only mean of indoor
temperature variations and internal radiation.
Macro-encapsulated PCMs were found inadequate to deliver accu-
mulated heat due to their limited surface of exchange. Therefore, most
studies focused on PCM integrated into building elements such as
walls, ceilings and floors. They offer a larger surface of exchange with
the indoor space and thus a greater storage capacity [107]. Wallboards
are cheap, commonly used in building construction and thus appro-
priate for the integration of PCMs. Many numerical and experimental
studies assessed the performance of these enhanced wallboards [66]. A
full-scale experiment with summer conditions showed that 5 mm PCM
wallboard is equivalent to 8 cm of concrete with regards to indoor air
temperature fluctuations and overheating [112]. Comparative in situ
studies in a renovated building equipped with similar PCM wallboards
concluded that the heat storage capacity of rooms was doubled [113]. A
wallboard with 25% mass butyl stearate could reduce heat load by 15%
for a building located in Montreal [114]. The energy savings of a
sandwich-type PCM/insulating wallboard integrated in a building
under continental climate were evaluated at 12.8% for heating and
1% for cooling. Cooling and heating peak loads were reduced by 35.4%
[115]. Another experiment demonstrated that PCM insulation wall can
decrease daily heat transfer across the envelope by 38% and diminish
peak heat flux by up to 62% under summer conditions [116].
Researchers tried to incorporate PCM into concrete for effective
heat capacity augmentation. The latest analyses concluded that con-
crete LHTES was not a suitable solution because the maximum amount
of mixed PCM cannot be higher than 5–6% by weight. The thermal
inertia improvement due to the PCM itself is thus very little. In
addition, it significantly deteriorates the thermal conductivity of the
concrete and consequently the overall activated thermal mass [107].
The translucent properties of some PCMs can be employed to
manufacture translucent bulk containment panel in windows [107].
The product is in direct sun exposure and can be fully activated. The
PCM filters out the solar radiation and reduces the amount of heat
gains until it is completely melted. The system can provide homo-
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geneous illumination with light transmittances in the range of 0.4 and
reduce heat losses by 30%. These PCM panels can be good supplements
to conventional windows where there is no need for visual contact to
the environment [117]. Internal shutters and solar shadings can also
contain PCM and be integrated in window facades. The systems should
operate cyclically to enable sun energy storage during the day and
release towards the indoor space at night. Tests showed that rooms
equipped with PCM interior sun protections had air temperature 1–
2 °C lower than rooms with conventional blinds [118]. Numerical
results indicated that 23% reduction of heat gain through a window can
be reached with 3 cm thick PCM shutter with regards to the same
shutter made of foam and aluminium [119]. Finally, the introduction of
PCMs in Trombe walls could contribute to the development of light and
portable systems adapted to the lightweight buildings [66].
7. Integration of phase change materials into furniture
As discussed previously, PCM systems located in the inner surfaces
of the indoor space, such as wallboards, offer the best thermal mass
enhancement. However, their use is limited to the internal surface area
of rooms. Furniture parts are often neglected in energy building
investigations, but they also possess a large surface of exchange with
the indoor environment. The furnishing can be an interesting location
for LHTES which could therefore be installed without the need for
extra space or construction works. This section is reviewing the few
projects involving furniture and PCMs. A simple calculation is then
presented to give an idea of the potential for PCM furniture in terms of
TES. Finally, the section will discuss modelling and optimization of
LHTES systems.
7.1. PCMs furniture systems
Passive cooling by direct contact with human body such as cooling
seats or cooling blankets are the most common products available on
the market. “Smart textile” with integrated PCM is also commercia-
lized. However, these solutions are not TES systems and only have a
limited effect on occupants’ thermal comfort.
Many papers focus on the study or the review of the different PCM
applications, but no specific publication was found on the integration of
PCM in furniture. Very few articles mention the PCM furnishing option
and if they do, they do not provide any concrete examples [120].
Only one publication presented the first PCM active application
located in furniture. It consists of an air heat exchanger (electric fan)
with macro-encapsulated PCM. The system is placed underneath box-
type furniture for living rooms or bedrooms. The concept was proposed
for the American Solar Decathlon in 2007, but no further documenta-
tion or characteristics could be found [121].
The company EPS Ltd has elaborated the “PlusICE furniture” for
office passive cooling. This product is actually not available, and the
company only provides bulk containment or stable form PCM to be
placed under the furnishing parts [122].
One architecture group suggested the use of paraffin in an
aluminium frame to mount various office furniture pieces for the
2012 “adream” competition. A simple performance assessment in office
buildings concluded that the cooling and heating energy needs can be
decreased by up to 40% and 34%, respectively [123].
A similar solution was presented in the French press by the
engineering company Egis in 2015. The PCM is encapsulated and
located below a wooden office table. The bottom face of the furniture is
covered with an aluminium corrugated sheet in order to increase the
heat exchange rate. According to the designers, this PCM table can
reduce cooling and heating needs by up to 30% and 60%, respectively
[124].
7.2. Potential for furniture PCMs integration
The simple survey on Danish building indoor content provided an
estimation of the available furniture, wall, floor and ceiling surface area
in direct contact with the air. One can see on Fig. 12 that the furniture
surface, which is available for PCM integration can represent up to 50%
of the room's inner surface.
An optimization study on a wallboard containing 60% of micro-
encapsulated paraffin showed that the optimum daily activated PCM
thickness is 1 cm [125]. This value is used to get a simple estimation of
the daily effective thermal capacity of internal wall and furniture
covered by a layer of PCM. The latent heat of the product is chosen
to be 180 MJ/m3. It is assumed that the 1 cm of PCM is fully activated
within a 24-h cycle, which is equivalent to 1.8 MJ/m2. The sensible
heat of the other building elements is calculated with the daily effective
heat capacity of each element and a temperature variation of 4 °C.
As seen on Fig. 13, the furnishing elements covered with PCM can
significantly improve the daily thermal capacity of a room.
7.3. Modelling and optimization of LHTES systems
PCM mathematical models are needed for the study and optimum
Table 3
Performance of different thermal heat transfer enhancement methods.
PCM type Containment Thermal enhancement method Performance Reference
Deionized water Macro-container Addition of copper tubes and graphite
matrices
Reduce melting time by factor 2.5 [106]
Pure eicosane and
commercial wax
Macro-container Addition of aluminium honeycombs and
thin-strip matrices
Reduce solidification time by factor 7 [106]
Paraffin Macro-container Addition of 20% volume of lessing rings Reduce solidification time by factor 9 [106]
Paraffin RT58 Stable form PCM Integration in copper foam matrix Increase heat transfer by factor 10 [107]
Eicosane Stable form PCM Integration in 95% porosity copper foam
matrix
Thermal conductivity from 0.423 to
3.06 W/m K
[102]
Eicosane Stable form PCM Integration in 97% porosity nickel foam
matrix
Thermal conductivity from 0.423 to 9 W/
m K
[102]
Paraffin Stable form PCM Integration in compressed expanded
graphite matrix
Thermal conductivity from 0.24 to 4 or up
to 70 W/m K
[108]
Paraffin Macro-container Addition of 0.5% mass of 80 µm aluminium
particles
Reduce melting time by 60% [107]
Fatty acid Stable form PCM Addition of 2% mass EG in expended perlite
matrix
Thermal conductivity from 0.25 to 0.5 W/
m K
[73]
Fatty acid Stable form PCM Addition of 7% mass EG in expended perlite
matrix
Thermal conductivity from 0.25 to
2.51 W/m K
[73]
Paraffin Stable form PCM Addition of 10% mass exfoliated graphite
nano-platelet
Increase heat transfer by factor 10 [109]
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design of LHTES systems. In their review paper, Soares et al. [66]
discussed the different modelling technics. It is stated that solving a
phase change problem numerically is difficult because of the moving
boundary on which heat and mass transfer have to be solved. The two
phases of the PCM have different thermo-physical properties. Because
of this non-linear behaviour, the position of the moving interface
cannot be determined a priori. This solid–liquid interface boundary
system is named “Stefan problem”.
The authors report that most of the current numerical models are
based on the first or the second law of thermodynamics and use fixed or
adaptive meshing. The first law models do not consider the effect of
time duration for heat storage and release nor the temperature at which
the heat is supplied. The second law models take these parameters into
account. The time variant meshing method offers good accuracy, but it
is limited to simple problems and geometries. On the other hand, the
fixed mesh approach is much simpler to use for multidimensional
problems.
LHTES equations are usually solved with finite difference, finite
control volume or finite element methods. The phase transition can be
modelled by introducing an equivalent specific heat of the PCM in
function of temperature. The material's latent heat of fusion is
transformed into a peak on the sensible specific heat capacity curve
over the whole phase transition temperature interval. The system is
simplified into a non-linear single phase conduction problem. The
latent heat of fusion can also be described with an enthalpy formula-
tion. The enthalpy of the system becomes the state variable which has
to comply with the energy conservation equation. The temperature is
then calculated from the enthalpy and the thermal properties of the
PCM.
The performance of passive LHTES systems is highly affected by the
indoor environmental conditions such as internal heat loads, ventila-
tion rate, convection heat transfer coefficient, solar radiation and
ambient temperature. The type of PCM, its melting temperature, layer
thickness, location and orientation should be determined within an
optimization process to increase the storage/release capacity using as
little material as possible [125]. Charging and discharging time should
also be taken into account. The effective energy storage capacity is
proportional to the PCM volume, which has melted and solidified
during a complete TES cycle. If the material amount is overestimated,
the time needed for the heat to penetrate the PCM layer could become
larger than the charging period, and the melting process cannot be
completed [126]. Similarly, the design of passive LHTES furniture
systems should be performed according to a specific TES strategy and
account for the difference in radiative and convective conditions on the
each side of the elements.
8. Conclusion
This article intended to attract readers’ attention on what many
consider a negligible detail in the field of energy and buildings. Most of
the building models assume empty rooms without furniture or indoor
content, but very few people have tried to understand if such
simplification is reasonable or not. Some publications emphasised the
strong interaction of the furniture/indoor thermal mass with the
internal air node and HVAC systems. It can have a significant impact
on the local indoor humidity and thermal comfort. Because of its large
surface for heat exchange, the internal content is highly activated and
can account for up to 40% of the total hourly effective heat capacity of a
room, and increase its time constant by several hours. Although it does
not play a major role in the energy consumption of buildings with a
static controller, several studies showed that indoor mass cannot be
ignored when using set point modulation for passive TES or night time
cooling.
There is a clear lack of guidance in publications for the assessment
of the indoor thermal mass characteristics. This paper suggested a
simple classification of these elements with representative thermal
properties. In addition, the results of a survey on Danish buildings were
presented to give some insight into reasonable variation for the mass
and heat capacity of furnishing and items in a room.
Different furniture modelling technics were described in scientific
articles and software documentation. Most of them introduce an
additional lumped capacitance in a RC network while some use an
equivalent fictitious planar or spherical element. Only one model was
found with a geometric description of an equivalent slab for proper
solar radiation distribution and long-wave radiation heat exchange.
Very little methodology was found concerning the way to aggregate
internal content with various sizes and thermal properties into
equivalent simplified elements.
Furnishing elements offer a large surface area exposed to the indoor
environment, which makes them a good candidate for PCM integration.
It can be an interesting solution for the implementation of passive
LHTES systems without construction work and thereby improving
thermal inertia and energy flexibility of light buildings.
Further investigations are needed to assess the complex effects of
furniture/indoor thermal mass on building systems. A large survey on
occupied buildings would give statistical insight into rooms’ content.
Full-scale experiments should be performed to measure the impact of
internal mass on building's time constant, HVAC systems efficiency,
and passive TES potential. Realistic models and aggregation meth-
odologies have to be developed for indoor mass elements. Finally, the
integration of PCM in furniture raises new issues concerning their
compliance with fire regulation, recycling process and total life cycle
analysis.
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Abstract 
Many numerical models for building energy simulation 
assume empty rooms and do not account for the indoor 
content of occupied buildings. Furnishing elements and 
indoor items have complicated shapes and are made of 
various materials. Therefore, most of the people prefer to 
ignore them. However, this simplification can be 
problematic for accurate calculation of the transiet 
indoor temperature. This article firstly reviews different 
solutions to include the indoor content in building 
models and suggests typical values for its characteristics. 
Secondly, the paper presents the results of a numerical 
study investigating the influence of the different types of 
thermal inertia on buildings energy flexibility. Although 
the insulation level and thermal mass of a building 
envelope are the dominant parameters, it appears tht 
indoor content cannot be neglected for lightweight 
structure building simulations. Finally, it is shown that 
the integration of phase change materials in wallbords 
or furniture elements can appreciably improve the 
energy flexibility of buildings. 
Introduction 
A significant deployment of renewable energy sources 
(RES) is foreseen in numerous European countries. The 
increasing share of intermittent RES may decouple 
instantaneous energy use and production, affecting the 
stability of the grids (Beurskens et al. 2011). In order to 
face this problem, recent projects are developing energy 
flexible technologies and demand-side management 
strategies to facilitate the operation of a smart grid 
system with high intermittent power penetration, 
(Mathiesen et al. 2015). 
Buildings can bear flexible energy use to a certain 
extent. Moreover, the building sector is the largest 
energy end-user in many countries and can therefore 
play an important role in the management of the energy 
grid. Passive thermal energy storage (TES) in the indoor 
space was found to be a promising solution for building 
energy flexibility and more cost effective than heat 
accumulation water tanks (Hedegaard et al. 2012). Le 
Dréau and Heiselberg (2016) evaluated the potential of 
residential buildings for set point modulation in order to 
shift the energy use from high price to low price periods. 
It was shown that power modulation could be achieved 
without compromising the indoor thermal comfort: from 
a couple of hours for poorly insulated houses and up to 
24 hours for well-insulated buildings. 
This strategy relies on an accurate control of the 
transient building temperature. However, many of the
current numerical models for building energy systems 
assume empty rooms and do not account for the internal 
content thermal inertia of objects like furniture. Such 
simplification is sufficient for energy calculations with 
constant set point but could be problematic for light 
buildings with dynamic set point modulation. 
Some researchers emphasized the role of furniture in the 
indoor thermodynamics. Antonopoulos and Koronaki 
(2000) evaluated that furniture represented 7.4% of the 
total effective thermal capacitance of a typical Greek 
house, and can increase the building time constant and 
thermal delay by up to 15%. Wolisz et al. (2015) carried 
out a numerical analysis on the impact of modelling 
furniture and floor covering for building simulations 
with temperature set point modulation. The study 
showed that a fully equipped room can present a 
temperature increase time delay of more than 7 hours 
compared to an empty room. In the case of periodic set 
point control, the furnishing and floor covers can change 
the cool-down time by up to 2 hours. 
In a first part, this article reviews different suggestions 
for the modelling of the furniture / indoor content 
thermal mass in building energy simulations. In a second 
part, the impact of different thermal inertia elements, and 
in particular the furniture / indoor content, is evaluated 
regarding short-term indoor heat storage for building 
energy flexibility. 
Quantification and characterisation of the 
indoor content thermal mass 
The amount of items in the indoor space can vary 
considerably in each room and building. No study or 
clear guidance concerning typical values for the 
furnishing / indoor content parameters in buildings could 
be found. It is therefore complicated to tackle the 
problem of indoor thermal mass modelling without 
having an idea of what are its physical properties. In 
order to address this issue, a simple survey has been 
performed on residential and single office buildings in 
Denmark (Johra and Heiselberg 2017). The 
quantification and characterisation of the building door 
content is a tedious task and only a study with a large 
sampling could pretend to provide statistically 
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representative data. This is not the aim of this survey as 
it only proposes reasonable boundaries for the furniture / 
indoor content parameters based on systematic 
measurements of mass and dimensions of each piece of 
internal elements in 6 different bedrooms, 3 living rooms 
and 3 single office rooms. 
One can see on Figure 1 that a reasonable range for the 
internal mass density in office and residential buildings 
would be 10–100 kg/m² of the net floor surface area 
(Johra and Heiselberg 2017). The few publications 
providing a value for internal content mass tend to over-
estimate it compared to the results of the current survey 
(Raftery et al. 2014; Antonopoulos and Koronaki 2000). 
 
 
Figure 1: Internal mass of the building survey. 
 
In addition, it has been found that most of the indoor 
content elements have a planar shape and can be 
classified into 4 distinct representative material 
categories. 
Based on the results of the survey, suggestions for the 
thermo-physical properties of these 4 representative 
categories and an equivalent fictitious indoor content 
material are presented in Table 1 (Johra and Heiselberg 
2017). They can be used to model the indoor content in 
building energy simulations as thin planar elements. In 
Table 1, the average value of each parameter is followed 
by its minimum and maximum limits in parentheses. 
From these measurements and material assumptions, the 
effective thermal capacitance of each indoor element is 
calculated according to the standard method ISO 
13786:2007. Their summation gives the total daily 
effective thermal inertia of each room’s internal content. 
 
 
Figure 2: Daily effective heat capacity of indoor content 
/ furniture thermal mass in buildings. 
 
One can observe on Figure 2 that the results of the 
survey are in good agreement with the values found in 
different publications. 
Modelling of the indoor content thermal 
mass for building energy simulations 
The indoor content and furnishing elements often have 
complicated geometries with various types of materil. 
The following section presents the different modelling 
technics found in publications attempting to represent 
the indoor thermodynamics in details. 
Table 1: Properties of the representative indoor content material categories. 
Material 
category 
Room mass 
content (kg/m² 
floor area) 
Surface area 
(m²/m² floor 
area) 
Material 
density 
(kg/m³) 
Material 
thermal 
conductivity 
(W/m.K) 
Material 
specific heat 
capacity 
(J/kg.K) 
Planar 
element 
thickness 
(cm) 
Daily effective 
thermal inertia 
(kJ/K.m² floor area) 
Light 
material 
7 (0.5–14) 0.3 (0.1–0.6) 80 (20–140) 0.03 1400 10 (0.5–24) 3 (0.2–7) 
Wood / 
plastic 
material 
30 (8–80) 1.4 (0.5–2) 
800 
(400–1200) 
0.2 (0.1–0.3) 1400 1.8 (1–5) 26 (9–45) 
Concrete / 
glass 
material 
1 (0.5–2) 
0.03 
(0.01–0.04) 
2000 
(1500–2500) 
1.25 (0.5–2) 950 1 (0.2–2) 0.1 (0.05–0.2) 
Metal 
material 
2 (1–5) 
0.02 
(0.01–0.03) 
8000 60 450 0.2 (0.1–0.3) 0.1 (0.05–0.4) 
Equivalent 
indoor 
content 
material 
40 (10–100) 1.8 (0.8–2.8) 
600 
(150–1500) 
0.3 (0.1–0.5) 1400 4 (1–10) 30 (10–50) 
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First order thermal network building model 
Simplified thermal network or resistance – capacitan e 
(RC) models with the xR1C (x resistances and 1 
capacitance) configuration aggregate all the effectiv  
thermal inertia of a thermal zone in a single capacitan e. 
The latter includes the indoor air volume, interior walls, 
inner envelope walls and the furniture / indoor content 
effective thermal capacitance. This simplified model 
assumes that the entire thermal mass is perfectly 
isothermal with homogenous equivalent properties and
constant thermal resistances. A 5R1C model is described 
in the standard ISO 13790:2008. 
Higher order thermal network building model 
A RC network building model with more a realistic 
dynamic behaviour can be achieved by increasing the 
number of lumped capacitance nodes and dissociating 
the thermal mass elements with dissimilar thermal 
diffusivities. The indoor air volume and the construc ion 
elements can be separated to form a xR2C model. The 
RC network can be expended further to a xR3C or xRyC 
configuration (x resistances and y capacitances) by 
segregating the internal separation walls, the envelope 
walls and the heavy concrete floors or ceilings. 
The furniture / indoor content effective thermal mass can 
then be integrated into these different lumped 
capacitances. Berthou et al. (2014) and TRNSYS type 56 
models assume that items in the indoor zone are 
perfectly isothermal and in thermal equilibrium with the 
indoor air. The indoor content capacitance is therefore 
added to the one of the indoor air. 
On the contrary, if it is assumed that the indoor cntent 
is not at the same temperature as the indoor air, the 
furniture / indoor content thermal mass can be merged 
with the one of the inner surface envelope walls or the 
interior partition walls (Berthou et al. 2014; Bacher and 
Madsen 2011). Moreover, the internal mass sub-system 
can be extended into a 2R2C network to account for the 
temperature gradient in the equivalent element. 
Distinct furniture / indoor content thermal mass 
capacitance 
The thickness, thermal diffusivity and heat exchange 
coefficients of the furnishing elements may differ 
significantly from the ones of the wall inner surfaces. 
Therefore, a noticeable temperature difference could 
remain between the indoor content and the other 
building elements or the indoor air node. This would 
justify to model the indoor thermal mass with its own 
lumped capacitance. 
The TRNSYS Type 56 model allows the inclusion of an 
additional fictitious furniture thermal mass node in the 
star network scheme for radiation and convection heat 
exchange calculations. The specific location of the 
internal mass is not required, but a proper equivalent 
surface area must be specified. 
The ISO 13790:2008 standard provides a simplified 
formulation for the calculation of this equivalent i door 
content surface area. Li et al. (2016) proposed a new
method to transform the furniture items with irregular 
shape into a single lumped capacitance node with an 
appropriate effective area. 
It should be kept in mind that the aggregation of the
indoor objects into a single lumped capacitance is a non-
geometrical heat balance calculation. Consequently, the 
correct assessment of solar radiation reaching the 
furniture node and the long-wave radiation heat 
exchanges with radiant surfaces can influence 
significantly the simulation results. 
Equivalent virtual sphere model 
The resistance – capacitance models represent the 
building system with a reduced number of nodes. Each 
of these node sub-systems is thus assumed to be 
isothermal. This assumption is acceptable if the Biot 
number of the element is smaller than 0.1. For plastic 
and wooden plates constituting most of the furnishig, 
this condition would imply elements thinner than 2 mm. 
However, most of the internal mass and furniture 
elements are thicker than 2 mm. Consequently, the 
indoor thermal mass cannot be considered isothermal 
and the lumped capacitance method should not be used 
to model it (Ma and Wang 2012). 
To overcome this problem, Gao et al. (2000) and Zhou et 
al. (2011) suggested the virtual sphere method to model 
the internal mass. It aggregates different shapes of solid 
body into a single sphere with a radius equal to the 
characteristic length of the element. It is suitable for 
systems with Biot number in the range of 0 to 20, which 
is typically the case for the indoor content. Moreov r, an 
effective convection heat transfer coefficient is 
introduced to account for the uneven distribution of 
indoor items’ temperature. Nevertheless, this model do s 
not currently include the radiation heat exchange. 
Equivalent virtual planar element model 
Antonopoulos and Koronaki (2000), Ma et al. (2012) 
and Wolisz et al. (2015) have chosen to concentrate he 
entire indoor content into a single equivalent planar 
element. This slab is made of an homogeneous material 
with constant properties which are representative of the 
items found in the indoor space. Because the length and 
width of the slab are much larger than its thickness, the 
conduction heat transfers and temperature distribution 
inside the element can be easily calculated with a one-
dimensional finite difference or finite volume method 
formulation. 
However, this equivalent slab element does not have a 
geometric representation in the thermal zone. Therefore, 
the presence of the planar element in the room is not 
taken into account for the calculation of internal so ar 
distribution or long-wave heat exchange in between 
inner surfaces. 
Energy Plus and IDA ICE software also allow the 
insertion of an equivalent furniture element as a 
fictitious one-dimensional multi-layer planar element 
which interacts solely with the air node by convection. 
Equivalent geometric planar element model 
Raftery et al. (2014) developed and implemented into
Energy Plus software an equivalent planar element 
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model with a geometric representation and location 
inside the thermal zone. The slab is thus taken into
account for the computation of the direct light beam 
reaching internal surfaces, diffuse solar repartition and 
radiant mean temperature. The long-wave radiation heat
exchange can be calculated by radiosity method with 
correct view factors affected by the planar element in the 
middle of the room. Shading effect on the floor is 
modelled properly which adds a more realistic thermal 
behaviour to radiant systems. 
Detailed explicit furniture model 
The aforementioned indoor content modelling technics 
aggregate the items of the indoor space into a single 
equivalent element. This choice is justified by the 
complexity and the unknowns of what is inside an 
occupied building. Nonetheless, some numerical studies 
investigated the implications of the detailed modelling of 
furniture and indoor content with explicit locations in the 
building. 
Athlaye et al. (2013) conducted an analysis with 
Radiance software and concluded that including details 
of interior partitions and furnishing has a significant 
impact on the indoor daylight conditions. 
Bojic et al. (2002) and Horikiri et al. (2015) used CFD 
models of fully furnished ventilated rooms and showed 
that indoor items can create complex air flow patterns 
leading to local thermal discomfort. 
Hand (2016) presented a library of pre-existing 
components such as office chairs, bookcases, light 
fittings, stairs or monitors, which can be easily 
integrated into ESP-r building models. These 
components have realistic geometries and thermos-
physical properties. They can be positioned precisely in 
the indoor space. Exact solar distribution, shadowing and 
surface-to-surface view-factors can therefore be 
calculated for every surface in rooms with arbitrary 
complexity. Comparative simulations showed that the
presence of indoor elements can have a significant 
impact on local discomfort due to their influence on
local radiant temperature and radiant asymmetry. 
Moreover, it was found that additional thermal mass nd 
lightweight pieces of furniture placed close to facades 
affect the heating and cooling demand profile of a 
building. 
Current challenges for the indoor content modelling 
A number of issues have to be addressed concerning the 
integration of simplified or complex modelling of the 
indoor content in buildings. Additional experimental 
investigations, such as the twin room tests conducted by 
Li et al. (2016), should be conducted to validate and 
improve the methodologies to aggregate complex items 
with various shapes and thermo-physical properties into 
simple equivalent elements. Great unknowns still remain 
regarding what typical amount of indoor thermal mass is 
present in buildings, what part of internal and solar gains 
are directly absorbed by these elements, what are the 
convection heat transfer conditions on their surfaces, 
how does furniture interact with radiant systems and 
how it influences the thermal comfort evaluation. 
Building energy flexibility 
The energy flexibility is often defined as the ability for a 
building to control its energy demand and generation 
according to local climate conditions, user needs and
grid requirements. However, there is currently no 
agreement on an exact definition for the energy 
flexibility index and consequently no overview of the 
flexibility potential for the different types of building, 
Lopes et al. (2016). The on-going IEA EBC Annex 
Project 67 aims at defining precisely the energy 
flexibility concept and increasing knowledge on how 
building energy demand management can improve the 
operation of energy grids. 
The rest of this article focuses on the capacity of a 
building to shift its heating energy use from high price 
periods to low price periods by the mean of indoor 
temperature set point modulation. One can see on the 
Figure 3 an example from the current numerical study of 
the heating energy shift induced by the heat storage 
strategy. 
 
 
Figure 3: Variation of the yearly heating use profile for 
light structure passive house with heat storage strategy. 
 
The performance of heat storage in the indoor 
environment highly depends on the amount of building 
thermal mass which can be activated and the efficiency 
of the envelope. The current study emphasizes the 
impact of the envelope thermal mass and additional 
thermal mass such as furniture and phase change 
material (PCM) on the energy flexibility capacity. 
Methodology 
Numerical model of the building case study 
A MATLAB-Simulink multi-zone building model of a 
typical Danish single family house has been created 
within the framework of the EnovHeat project. It is u ed 
here to investigate the influence of detached houses’ 
characteristics on their capacity to shift in time h ating 
use under Danish weather conditions (Denmark Design 
Reference Year 2013). Envelope performance, 
construction thermal mass, heating system and additional 
indoor thermal mass parameters are varied to generat  
48 different study cases. Two different classes of 
insulation are considered (low insulation house from the 
80’s and high insulation passive house) with three lev ls 
of envelope thermal mass each (light structure: 30 
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Wh/K.m², medium structure: 55 Wh/K.m², heavy 
structure: 100 Wh/K.m²). In addition to the empty room 
cases, three kinds of additional internal thermal mss are 
modelled (furniture / indoor content, PCM integrated in 
furniture elements and PCM wallboards placed on inner 
walls and ceilings). Two types of heating system are
tested (radiators and water based under-floor heating). 
 
 
Figure 4: Scheme of the house case study:                       
a typical 150 m² single family house in Denmark. 
 
The furniture / indoor content is represented as a 
fictitious equivalent planar element and modelled with a 
one-dimensional implicit finite control volume 
formulation. The mass of each element is 60 kg/m² of 
the room’s floor surface area concentrated in a 4.7 cm 
thick slab. The equivalent homogeneous material of the 
element is chosen to be with a density of 715 kg/m³, a 
thermal conductivity of 0.3 W/m.K and a specific heat 
capacity of 1400 J/kg.K. It is assumed that 50% of the 
internal radiative heating gains and solar radiation are 
absorbed by the surfaces of the planar elements. 
The PCM wallboards are modelled with an enthalpy 
formulation coupled to a one-dimensional implicit finite 
control volume model. The 1.5 cm thick PCM slab 
elements are considered made of Energain®. The lattr 
is a common commercial product composed of 60 w% 
micro-encapsulated paraffin incorporated into 40 w% 
polyethylene matrix. The material is set to be with a 
melting temperature of 22 °C, a total latent heat of fusion 
of 120 kJ/kg, a density of 1000 kg/m³, a thermal 
conductivity ranging from 0.18 to 0.22 W/m.K and a 
specific heat capacity of 2000 J/kg.K. 
Furniture with integrated PCM are represented by a 
PCM wallboard element attached on one side of a 
fictitious equivalent furniture planar element. 
The building numerical model has been validated with a 
BESTEST procedure. Each sub-component of the 
building model has been validated against commercial 
software (COMSOL Multiphysics and BSim) or 
experimental test data. 
Validation test results and detailed description of the 
building model and its sub-components can be found in a 
DCE technical report (Johra and Heiselberg 2016). 
Heat storage control strategy 
The main objective of developing energy flexible 
buildings in a smart grid system is to allow the 
integration of a larger share of intermittent RES. The 
electricity spot price is a good indicator of the 
availability of RES in Denmark. Consequently, a price 
control strategy based on the 2009 Danish electricity 
spot price is used for this study. 
As shown on Figure 5, the indoor temperature set point 
is increased to 24 °C when the electricity price is low to 
accumulate thermal energy. When the electricity price is 
high, the temperature set point is decreased to 20 °C to 
save thermal energy. If the electricity price is within the 
medium price range, the temperature set point is 
maintained at 22 °C. 
Low price and a high price limits are defined for each 
hour as the lowest and highest quartile of the hourly 
electricity market price over the last 14 days. 
 
 
Figure 5: Temperature set point modulation with price 
control for a low insulation and light structure house. 
 
Building energy flexibility index 
Similarly to Le Dréau and Heiselberg (2016), the enrgy 
flexibility of a building is defined here as its capacity to 
reduce heating need during medium and high electricity 
price periods by storing heat during low electricity price 
periods (see example on Figure 3). The flexibility index 
is then calculated with equation (1). 
  1  %	
%	
  1 
%	
%	 
100
2  (1) 
%	
 and %	 are the percentages of the yearly 
thermal energy used during high and medium price 
periods respectively when set point modulation with 
price control is activated. Similarly, %	
.and 
%	 account for the reference case which does 
not have any heating storage strategy. 
If the energy usage repartition with heat accumulation is 
the same as the reference case, the flexibility index is 
zero. If the energy share of high and medium price 
period increases, the flexibility index is negative. If all 
the energy share of the high price period is shifted to the 
low price period, the flexibility index is 50%. If all the 
energy share of the high and medium period is shifted to 
the low price period, the flexibility index reaches the 
maximum value of 100%. 
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Results 
A total of 48 different building scenarios were simulated 
with the same weather conditions and heat accumulation 
strategy: two different insulation levels, three different 
classes of envelope thermal mass, two types of heating 
system (radiators and under-floor heating) and four 
different configurations of additional thermal mass 
(empty room, furniture / indoor content, furniture with 
PCM, PCM wallboards). The building cases equipped 
with convective radiators and no TES strategy are tk n 
as references for the calculation of the energy flexibility 
index. 
During the entire heating period, the indoor operative 
temperature is maintained between 20 °C and 24 °C. 
This temperature span corresponds to a normal levelof 
thermal comfort with less than 10% of dissatisfied 
occupants (ISO 7730). Moreover, the time variation of 
the house temperature is always kept below the thermal 
comfort limit of 2.1 K/h (ASHRAE Standard 55 - 2004). 
Figure 6 illustrates the increase of the building energy 
flexibility in function of its total effective thermal mass 
including the thermal mass of the envelope and the 
indoor content. It appears that activated thermal mss, 
regardless of its nature and location, contributes to 
increase the total storage capacity and therefore the 
energy shifting ability of the building. However, the 
impact of this parameter is smaller for low energy 
buildings compared to houses with poor envelope 
performance. Above 80 Wh/K.m² of total daily effective 
thermal mass, low energy buildings reach the maximum 
flexibility potential: there is no more energy to shift in 
time. It is therefore useless to increase the thermal mass 
of these buildings further more. 
 
 
Figure 6: Effect of building effective thermal mass on 
energy flexibility. 
 
Moreover, the insulation level seems to play a dominant 
role in the improvement of the building energy 
flexibility compared to its thermal inertia. Indeed, only 
poorly insulated house cases with a very large heating 
storage capacity and under-floor heating system are abl  
to reach the same flexibility potential as passive houses. 
Finally, the type of heat emitter has a limited effect on 
the building energy flexibility. Nevertheless, under-floor 
heating can improve the activation of the thermal mss 
of poorly insulated houses and noticeably improve their 
energy flexibility. 
One can see on Figure 7 the impact of the different types 
of additional thermal mass on the building energy 
flexibility potential. The empty room building cases with 
no PCM are used as reference. 
 
 
Figure 7: Influence of internal thermal mass on energy 
flexibility for houses equipped with radiators. 
 
The results indicate that PCM integrated in wallboards 
or furniture elements can significantly improve the 
energy flexibility potential of low insulation light 
structure buildings. However, the benefit is lower fo
well-insulated dwellings and very limited in the case of 
medium and heavy structure buildings. Because of their 
low thermal conductivity, PCM wallboards positioned 
on inner surfaces of thermal zones tend to screen th  
activation of the thermal mass underneath them. It thus 
nullifies the storage capacity of the structural elements 
which is counterproductive in the case of heavy 
construction elements such as masonries. 
In the case of houses with large effective thermal ss, 
the share of additional thermal inertia of indoor items 
and furniture is very small. Therefore, the impact of he 
latter on the building energy flexibility index appears to 
be almost negligible. Nevertheless, the influence of the 
furniture / indoor content for the light structure buildings 
should be taken into account. 
Conclusion 
This article presented a numerical study assessing the 
influence of different building parameters (effective 
thermal mass, insulation level and type of heating 
emitter) on the heating energy flexibility potential of a 
single family house in Denmark. 
The energy flexibility index is here defined as the 
capacity of the building to shift its heating use from high 
and medium electricity price periods to low electrici y 
price periods by the mean of temperature set point 
modulation. 
Although the effective thermal mass of a building 
determines its maximum energy storage capacity, results 
indicate that the envelope performance is the most 
important parameter concerning the ability of a house to 
shift heating use. Under-floor heating systems present 
better performance in that matter, especially for lw 
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insulation level buildings. It is therefore more interesting 
to improve the building envelope and storage efficien y 
rather than increasing its thermal inertia or changing 
heating systems. 
Nevertheless, the integration of phase change materials 
in wallboards or furniture elements appears to be agood 
solution to increase the effective thermal mass of 
lightweight structure buildings and consequently 
significantly improve their energy flexibility potential. It 
should be noted that PCM wallboards should not be 
employed in heavy masonry constructions because they 
screen the thermal mass activation underneath them and 
do not provide more heat capacity than thick concrete 
walls. 
Finally, it has been clearly shown that the empty room 
assumption is not valid for the simulation of low thermal 
mass buildings with dynamic indoor temperature set 
point. The indoor content of such buildings can change 
the assessment of its energy flexibility by up to 21%. 
The modelling of the indoor content is therefore 
significant for detailed and realistic building simulations. 
This should be a taken as a motivation to explore fu ther 
the different modelling technics reviewed in this article. 
More theoretical and experimental investigations should 
be performed to have a better knowledge of what is 
present inside occupied buildings and how these objcts 
interact with the rest of the building thermal systems. 
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Abstract 
The EnovHeat project aims at developing an innovative heat pump system based on 
the magnetocaloric effect and active magnetic regenerator technology to provide for 
the heating needs of a single family house in Denmark. Unlike vapor-compression 
devices, magnetocaloric heat pumps use the reversible magnetocaloric effect of a 
solid refrigerant to build a cooling/heating cycle. It has the potential for high 
coefficient of performance, more silent operation and efficient part-load control. 
After presenting the operation principles of the magnetocaloric device and the 
different models used in the current numerical study, this article demonstrates for 
the first time the possibility to utilize this novel heat pump in a building. This device 
can be integrated in a single hydronic loop including a ground source heat exchanger 
and a radiant under-floor heating system. At maximum capacity, this magnetocaloric 
heat pump can deliver 2600 W of heating power with an appreciable average 
seasonal system COP of 3.93. On variable part-load operation with a simple fluid 
flow controller, it can heat up an entire house with an average seasonal system COP 
of 1.84. 
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Keywords 
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1. Introduction 
In many countries, heat pumps now represent a key component of the energy 
development strategies. Consequently, researchers and industry strive to bring new 
cost-effective technical solutions to market. Conventional heat pumps and air-
conditioner units are based on vapor compression technologies. They transfer 
thermal energy from a low-temperature to a high-temperature environment by means 
of irreversible thermodynamic cycles. In recent years, several research groups 
investigated the potential of the magnetocaloric effect for ambient temperature 
cooling applications. This innovative technology uses magnetocaloric materials 
(MCM) as solid refrigerants in magnetic cooling/heating cycle. Because of the 
reversible nature of the magnetocaloric effect, magnetic heating/cooling devices 
have a potential for high coefficient of performance (COP). In addition, they could 
also present the advantage of a more silent operation, efficient part-load control, a 
lack of toxic or greenhouse contributing gases, and the possibility for recycling the 
MCM and magnets at end-of-life (Smith et al. 2012). However, it has yet to prove its 
competitiveness compared to mature vapor compressor technologies (Eriksen et al. 
2016). 
The history of the active magnetocaloric regenerator cooling system started in 1982 
with the proposal by Barclay of the active magnetic regenerator (AMR) cycle which 
is the basis for magnetocaloric heat pump (MCHP) systems (Barclay 1982). In 1998, 
an AMR device using superconducting magnets reached COPs above 6 (Zimm et al. 
1998). Since then, different research groups have reported the performances of their 
AMR prototypes using permanent magnets for near-room temperature cooling. In 
2012, Engelbrecht et al. (2012) presented a rotary AMR device operating with a 
maximum cooling capacity of 1010 W and a no-load temperature span of 25.4 K 
(Engelbrecht et al. 2012). In 2013, a Japanese group presented a device operating at 
a temperature span of 5 K with a COP of 2.5 (Okamura and Hirano 2013). In 2014, 
Jacobs et al. (2014) reported the performances of a prototype achieving a zero 
temperature span cooling power of 3042 W and cooling power of 2502 W at a 
temperature span of 12 K with a COP above 2 (Jacobs et al. 2014). In 2016, several 
research teams have published the performances of their AMR device. A group from 
the Federal University of Santa Catarina reported a maximum no-load temperature 
span of 12 K, a maximum zero-span cooling power of 150 W and a thermal load of 
80.4 W for a temperature span of 7.1 K and a COP of 0.54 (Lozano et al. 2016). A 
group from the University of Salerno reported a maximum no-load temperature span 
of 11.9 K and a maximum COP of 2.5 for a thermal load of 200 W (Aprea et al. 
2016). A research team from the Technical University of Denmark published the 
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study of an AMR device capable of 81.5 W of cooling power at a temperature span 
of 15.5 K and with a COP of 3.6 (Eriksen et al. 2016). 
Some key topics are being investigated to improve the performance of 
magnetocaloric devices: development, characterization and modelling of new 
magnetocaloric materials (Pecharsky et al. 2016; Neves Bes et al. 2016), using 
nanofluids to improve heat transfer in regenerators (Mugica et al. 2017), 
optimization of permanent magnet configurations (Insinga et al. 2016a; Insinga et al. 
2016b), different regenerator geometries for efficient heat transfer and minimum 
pressure losses (Dall’Olio et al. 2017; Lei et al. 2017; Trevizoli et al. 2017), and 
novel designs for optimum operation and reduced parasitic losses of the whole 
machine (Eriksen et al. 2016; Lozano et al. 2016). 
The “EnovHeat” project aims to tackle the aforementioned questions and develop 
the prototype of an innovative magnetocaloric heat pump (see Fig. 1) able to provide 
for the heating needs of a single family house in Denmark (excluding domestic hot 
water production) with a higher COP than conventional systems (Bahl 2015). 
 
Fig. 1 CAD model of the magnetocaloric heat pump prototype of the EnovHeat 
project: “MagQueen” 
This article firstly introduces the operation principles of this novel MCHP and 
presents the numerical models of this device and the building case study used in this 
project. For the first time, the integration of this innovative heat pump as heating 
system in a building is discussed. The results of this numerical study are presented 
and the operation performance of the MCHP in a low-energy house is assessed. 
Finally, suggestions for further research on efficient control of this device are made. 
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2. Magnetocaloric heat pump 
2.1. Operation of the magnetocaloric heat pump 
A magnetocaloric heat pump transforms a low-quality thermal energy supplied by a 
low-temperature heat source into a high-quality thermal energy utilized by a high-
temperature heat sink. This heat transfer is performed by means of several magnetic 
cooling/heating cycles, also known as the active magnetic regenerator (AMR) cycle. 
The refrigerant here is a solid material which exhibits a thermal response when the 
applied magnetic field changes. The magnetization (applying a magnetic field) of 
the refrigerant material induces an increase of its temperature and a decrease of its 
entropy. Reciprocally, the demagnetization (removing a magnetic field) of the 
refrigerant material leads to a decrease of its temperature and an increase of its 
entropy. This phenomenon is often nearly reversible and is named the 
“magnetocaloric effect”. Materials exhibiting this effect are called “magnetocaloric 
materials” and present a maximum magnetocaloric response at the ferro-to-
paramagnetic phase transition called the “Curie temperature”. The reference material 
for the magnetocaloric effect at room-temperature is Gadolinium. More information 
about the magnetocaloric effect and magnetocaloric materials can be found in Smith 
et al. (2012) and Kitanovski et al. (2015). 
The AMR cycle, at the core of the operation of this innovative heat pump, makes 
use of the magnetocaloric effect by alternatively magnetizing and demagnetizing a 
MCM with an external magnetic field source. The MCM solid refrigerant is 
contained as a porous media in a regenerator allowing bi-directional circulation of 
the coolant fluid transferring the thermal energy from the cold side to the warm side 
of the device. Fig. 2 illustrates in details the AMR cycle. At the beginning of the 
cycle, there is a temperature gradient over the regenerator length and no magnetic 
field is applied: Fig. 2(a). The cycle starts with an adiabatic magnetization of the 
MCM leading to a uniform temperature increase over the length of the regenerator: 
Fig. 2(b). The heat transfer fluid is pushed from the cold side to the warm side of the 
AMR (cold-to-hot blow). The hotter fluid rejects the heat to the heat sink and the 
regenerator is cooled down at constant magnetic field: Fig. 2(c). The magnetic field 
is removed and the regenerator operates an adiabatic demagnetization leading to a 
uniform temperature decrease over the length of the AMR: Fig. 2(d). At the end of 
the cycle, the fluid is pushed back from the warm side to the cold side of the AMR 
(hot-to-cold blow) under zero-magnetic field, re-heating the bulk of the regenerator: 
Fig. 2(e). Once the heat transfer fluid and the MCM reached local thermal 
equilibrium, the temperature distribution across the regenerator length is the same as 
at the initial state of the AMR cycle Fig. 2(f). A detailed description of the AMR 
cycle can be found in the papers published by Lei et al. (2017) and Engelbrecht et al. 
(2012). 
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Fig. 2 Active magnetic regenerator cycle consisting of four processes: (b) adiabatic 
magnetization; (c) cold-to-hot blow; (d) adiabatic demagnetization; (e) hot-to-cold 
blow 
 
Fig. 3 Detailed description of the magnetocaloric heat pump prototype of the 
EnovHeat project: “MagQueen” 
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The MCHP prototype of the EnovHeat project is a rotary device with 13 packed bed 
spheres active magnetic regenerators placed on the stator and a two-pole permanent 
magnet assemblies placed on the rotor (see Fig. 3). The regenerators consist of 
trapezoidal shaped-cassettes (see Fig. 4) filled with MCM having a spherical shape 
with an average diameter of 450 μm. The spheres are kept together by an epoxy 
layer and the total amount of MCM is around 2.8 kg for the entire prototype. The 
rotor is mounted on a vertical axis connected to an electric motor, and supports the 
two-pole magnet composed of 28 permanent magnet elements each. The rotation of 
the magnet creates a variating magnetic field having a maximum value of 1.4 T in 
the air gap. The 13 regenerators are connected to 2 manifold collectors and 2 
manifold distributors: one of each on the cold side and on the hot side respectively. 
13 high pressure and 13 low pressure solenoid valves allow synchronized regulation 
of the fluid flow through each of the regenerators. The circulation of the heat 
transfer fluid is performed by a single centrifugal pump (GRUNDFOS Data Booklet 
2013). 
 
Fig. 4 CAD model of the regenerator for the magnetocaloric heat pump prototype 
(dimensions are indicated in millimeters) 
2.2. Numerical modelling of the magnetocaloric heat pump 
The core of the magnetocaloric heat pump modelling process is the original one-
dimensional numerical model created by Engelbrecht (2008) and further developed 
by Lei et al. (2017). Heat losses inside the regenerator, such as internal axial 
conduction, are taken into account, as indicated in the governing equations. External 
heat losses through the walls of the regenerators are neglected. The demagnetization 
losses are assessed by calculating the internal magnetic field in the MCM using an 
average demagnetization factor, which is calculated to be 0.58, for the entire 
regenerator bed which is assumed to be a rectangular solid. The demagnetization is 
implemented in the model as described in Engelbrecht et al. 2013. This leads to two 
coupled partial differential equations describing the fluid temperature distribution in 
the AMR with regards of time: 
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Where k, T,  , c and s are the thermal conductivity, temperature, density, specific 
heat, and specific entropy; 
cA , hd , sa , ε, x, t , fm , and H are the cross sectional 
area, hydraulic diameter, specific surface area, porosity of the regenerator bed, axial 
position, time, fluid mass flow rate and internal magnetic field; /P x   and Nu are 
the pressure drop and the Nusselt number. The subscripts f and s represent fluid and 
solid refrigerant, respectively. dispk  is the thermal conductivity of the fluid due to 
axial dispersion, 
statk  is the static thermal conductivity of regenerator and fluid, and 
Hc  is the specific heat capacity of the MCM at constant magnetic field. The Nusselt 
number, dispk  and statk  are calculated using correlations which are described in 
detail by Nielsen et al. (2013). These equations are solved using implicit finite 
volume method implemented in MATLAB calculation programming software. This 
numerical model has been tested against experimental data and showed very good 
capabilities to predict the performances of real MCHP prototypes (Lei et al. 2018). 
However, this model is too computationally demanding to be used as is in building 
simulations. Because of the relatively fast operation of the MCHP, the numerical 
model outputs can be approximated by a series of quasi-steady states suitable for 
building simulations with time step size of 60 seconds. Therefore, the detailed 
MCHP model is run with the parameters of the EnovHeat prototype in order to 
generate around 1600 output points for building a set of 5-dimensional lookup 
tables. These lookup tables are implemented in MATLAB-Simulink function blocks 
and provide output fluid temperatures, heating and cooling powers, COP, magnetic 
work and fluid pressure losses as functions of the inlet fluid temperatures, operation 
frequency and fluid mass flow rate to the heat pump for very little computation time. 
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The additional elements of the MCHP are modelled in a simple way. The average 
electrical power usage of the set of valves (
valvesW ) has been measured directly on 
the prototype and has been found to be 63 W. It should be noted that some heat from 
the solenoid valves’ operation would be absorbed by the fluid on the hot end of the 
regenerator. This would therefore slightly increase the heating power of the MCHP. 
However, this amount is limited and neglecting it is a conservative assumption to 
avoid over predicting the system performance. The electrical power usage of the 
device’s motor (
motorW ) is calculated from the magnetic work of the AMR with the 
assumption of a motor efficiency factor equal to 0.65. Finally, the pump work (
pumpW ) is calculated with a polynomial function fitting the operation data provided 
by the manufacturer (GRUNDFOS Data Booklet 2013). 
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3. Building systems 
The EnovHeat project aims at developing a novel heat pump system and 
demonstrating that it can provide for the heating needs of a low-energy single family 
house in Denmark. The following sections present the building case study chosen to 
test the integration of the MCHP, and the detailed dynamic building energy model 
developed for that purpose. 
3.1. Building case study 
A single-story house with 126 m² of heated floor area and a typical geometry for 
dwellings in Denmark is chosen as case study (see Fig. 5). With a yearly heating 
need of 16 kWh/m², the design fulfills the low-energy requirements of a new 
building “class 2020” of the Danish building regulation (Building Regulation 2010) 
and almost reaches the “Comfort House” standard (Larsen and Brunsgaard 2010). 
The main characteristics of the house case study can be found in Table 1. 
 
Fig. 5 Plan view of the house case study: a typical single family house in Denmark 
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Table 1 Parameters of the building case study 
 
In the case of Danish dwellings, the most energy efficient configuration for heat 
pump systems is to couple a ground source heat exchanger (GSHE) with a hydronic 
radiant under-floor heating (UFH) (Den lille blå om Varmepumper 2011). The 
water-brine heat transfer fluid is chosen to be 20%vol ethylene glycol and 80%vol 
water. 
Two types of GSHE are considered in this case study: a horizontal GSHE and a 
vertical borehole GSHE. The ground loops are designed according to international 
standards and manufacturer's guidelines (VDI 4640:2001; Uponor Ground Energy 
Technical Information 2012; Ground Source Heat Pump Project Analysis 2005) with 
the assumption that the soil is a humid clayey sand: thermal conductivity of 1.5 
W/m.K; density of 1900 kg/m³; specific heat capacity of 1400 J/kg.K. The grouting 
material is chosen to be with a thermal conductivity of 1.4 W/m.K, a density of 1500 
kg/m³ and a specific heat capacity of 1670 J/kg.K. Consequently, the horizontal 
GSHE is a 194 m long single collector with a serpentine layout. It is composed of 
PEX pipes with 40 mm outer diameter and 33 mm inner diameter. They are placed 
at a depth of 1.5 m with a pipe spacing of 1.5 m. The collector covers 291 m² of 
ground surface area. The vertical borehole GSHE is a single collector consisting of a 
double U-tube PEX pipe with outer diameter of 44 mm and inner diameter of 37 
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mm. The borehole has a depth of 100 m and a diameter of 160 mm. The spacing 
between the 2 U-tube legs is 80 mm. The total pipe collector length is 200 m. 
The hydronic under-floor heating system is designed according to international 
standards and manufacturer's guidelines (EN 1264:2011; ISO 11855:2012; Uponor 
Heating and cooling solutions – Technical guidelines 2008). Each room has a 100 
mm thick concrete screed with embedded PE-Xa pipes with outer diameter of 16 
mm and inner diameter of 13 mm. They lay 60 mm below the surface of the 
concrete screed. The spacing between the pipe legs is 300 mm. 
The outdoor conditions and solar gains are extracted from the national reference 
Danish weather file DRY 2013. The building is therefore assumed to be located in 
an open field around Copenhagen. It is considered that 4 persons are occupying the 
house according to a fixed weekly schedule. The equipment and people load 
schedules are based on typical Danish equipment use and people schedule for a 
residential house (Jensen et al. 2011). A detailed description of the building case 
study can be found in a DCE technical report (Johra and Heiselberg 2016). 
3.2. Modelling of the building systems 
A detailed multi-zone numerical model of the building case study is created with the 
MATLAB-Simulink software. Similarly to the HAM-tools (Kalagasidis et al. 2008), 
this model calculates heat transfer through building elements with a one-dimensional 
explicit finite volume method (FVM) formulation comprising a small number of 
control volumes. This formulation is also known as “Resistance-Capacitance” 
network (RC network). External walls, internal walls, ceilings and roof elements are 
subdivided into 5 thermal nodes for the 3 different material layers (external panel, 
insulation layer, internal panel). Floor elements are subdivided into 9 nodes for the 3 
different material layers and the hydronic UFH system (underground layer, 
insulation layer, UFH concrete screed). 
Inside each thermal zone, the inner surfaces and the indoor air temperature nodes are 
connected within a star network configuration with constant mixed 
convection/radiation surface thermal resistance coefficients. Thermal bridges, 
ventilation, air infiltration and windows heat losses are modelled using constant 
thermal resistances. 
Direct and diffuse solar radiation and long-wave radiation to the sky are calculated 
for external surfaces as a function of the local weather conditions and the surface 
orientation. The internal loads and the indoor solar gains are distributed over the air 
nodes and the internal surfaces according to constant ratio factors. 70% of the 
internal gains are modelled as purely convective and the remaining 30% are 
distributed over all the indoor surfaces according to their surface area. Concerning 
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the internal solar loads, 15% are modelled to go directly to the air node, 55% to go 
to the floor and 30% to go to the vertical walls of the thermal zone. 
The hydronic UFH system and the horizontal GSHE are modelled similarly as 
horizontal heat exchangers embedded in a multilayer slab by coupling a “plug flow” 
model in a pipe with the ε-NTU method. The plug flow principle model accounts for 
the dynamics of the fluid pushed into the pipes when the flow rate is changing over 
time (TRNSYS 17 – Mathematical Reference). The ε-NTU method collapses the 
three-dimensional domain of a horizontal heat exchanger into a one-dimensional 
Resistance-Capacitance star network. The effectiveness of the heat exchanger is 
calculated by taking into account the equivalent interaction thermal resistance in the 
layer of the slab where the hydronic pipes are laid (ISO 11855:2012; Scarpa et al. 
2009). The vertical borehole GSHE is simulated by coupling two plug flow pipe 
models in a triangular thermal RC network representing the complex thermal 
interaction between the U-pipe of the heat exchanger, the grout of the borehole and 
the surrounding soil domain (Diersch et al. 2011). The ground around the GSHE 
systems is simulated as a one-dimensional finite domain in a MATLAB state space 
function. Boundary conditions are defined by the weather condition and the 
undisturbed deep ground constant temperature. The constant deep ground 
temperature is set to 9.4 °C at a depth of 30 m for the horizontal GSHE, and 10.1 °C 
at a depth of 100 m for the vertical borehole GSHE. All the fluid properties of the 
brine, the convective heat transfer coefficient in the pipes and the pressure losses are 
calculated according to brine composition, fluid velocity, temperature and Reynolds 
number. 
The 10 different thermal zones of the dwelling (9 rooms and an attic) are connected 
together in order to form the house case study multi-zone model. No direct air 
exchange between thermal zones is considered. Because the heat equation is solved 
here with an explicit scheme, the simulation time step size is set constant to 60 
seconds to avoid numerical instability. This time step size is fine enough to satisfy 
the stability criteria (see Eq. (3)) in every finite control volume of the model. 
2
1
2
pC x
t
k
  
    (3) 
Where t  is the time step size and x , k ,  , and pC are the thickness, the 
thermal conductivity, the density and the specific heat capacity of a finite control 
volume. 
The building numerical model has been validated with a BESTEST procedure. In 
addition, each sub-component of the building model has been validated against 
commercial software (COMSOL Multiphysics and BSim) or experimental test data. 
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Validation test results and detailed description of the building model and its sub-
components can be found in a DCE technical report (Johra and Heiselberg 2016). 
4. Integration of the magnetocaloric heat pump in the building 
In order to achieve a high COP with heat pump systems, it is crucial to minimize the 
temperature span between the heat source and the heat sink. For that purpose, it is 
recommended to use ground source heat exchangers such as horizontal collectors or 
vertical boreholes in countries like Denmark. Although they have a significant 
investment cost, large amounts of thermal energy can be extracted from them at a 
higher and more stable temperature than outdoor air source systems, especially 
during the winter periods (Den lille blå om Varmepumper 2011). Concerning heat 
emitters, radiant under-floor heating systems offer a large surface of exchange with 
the indoor environment. They can therefore deliver an appreciable heating power 
with low inlet fluid temperature and keep the indoor air temperature lower than with 
radiator systems for an equivalent thermal comfort (Le Dréau 2014). As mentioned 
before, the magnetocaloric effect of a MCM is maximum around its Curie 
temperature. For some of these materials, the Curie temperature can be finely 
adjusted to match the temperatures inside the regenerator (Basso et al. 2015), taking 
into account its inherent temperature gradient (graded regenerator) (Smith et al. 
2012). Consequently, the MCHP is designed for fixed optimum inlet and outlet 
temperatures which increases the importance of using a ground heat source which 
can provide a stable inlet fluid temperature. 
The principle of the AMR technology is to circulate the same fluid from one side of 
the system to the other. It is therefore possible to integrate the MCHP in a single 
hydronic loop without intermediate heat exchangers between the different sections 
of the circuit (see Fig. 6). Because this heat pump can provide fluid flow rates and 
temperatures which are directly usable in a UFH system, a storage hot water tank is 
not needed. Such implementation has the potential of decreasing the effective 
temperature span between the heat source and the heat sink, but also simplifies the 
piping network and can therefore reduce the total installation costs and storage hot 
water tank heat losses. As mentioned before, the heat transfer fluid is circulated 
through the ground source loop, the UFH loops and the regenerators with only one 
circulation pump which can run at volume flow rates ranging from 100 L/h up to 
2100 L/h with a net positive suction head ranging from 20 to 41 kPa (GRUNDFOS 
Data Booklet 2013). 
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Fig. 6 Integration of a magnetocaloric heat pump in single hydronic loop with 
ground source and under-floor heating system 
The control of the MCHP in this case study is based on a simple volume flow rate 
regulation. Each of the 9 UFH hydronic loops of the house is equipped with a valve 
regulated by an ON/OFF controller connected to a room temperature sensor. If the 
room temperature is above the temperature set point of 22 °C, the valve of the 
corresponding UFH loop is closed. If the room temperature drops below the 
temperature set point, the valve is fully open to provide a nominal fluid volume flow 
of 220 L/h. The speed of the circulation pump and the total heat pump flow rate are 
varied accordingly. If all the UFH loop valves are closed, the circulation pump and 
the MCHP are turned off. 
In addition, this heat pump device can operate at different rotation frequencies from 
0.5 Hz up to 2 Hz. This allows additional control capabilities for optimizing the 
COP in function of the fluid flow rate. 
5. Results 
All the results presented hereafter are calculated for a four-month heating period 
from the 1
st
 of January to the 30
th
 of April under Danish weather conditions (Danish 
Design Reference Year DRY 2013). 
The COP is a common performance assessment index used for heat pump and 
refrigeration systems. Two different COPs are defined here to study the efficiency of 
the MCHP. The 
AMRCOP  is calculated with the useful heating power heatingQ  
delivered by the heat pump and only considering the work due to the AMR internal 
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operation: regenerator hydraulic pressure losses pressurelossW  and magnetic work 
magneticW . This calculation is similar to considering that the device is working with a 
perfect motor and a perfect pump. The systemCOP  is calculated with the heating 
power of the heat pump and considering all the work power which is necessary to 
operate the building heating system: circulation pump work pumpW  ( pressurelossW  
including the losses due to inefficiency), MCHP motor work 
motorW  ( magneticW  
including the losses due to inefficiency) and MCHP valves work 
valvesW . The heat 
losses through the heat distribution piping network of the house are not taking into 
account because they are included in the total heating output of the UFH system 
(Georges et al. 2017). 
heating
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pressureloss magnetic
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W W
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Another commonly used performance indicator to compare heat pump technologies 
is the second-law efficiency, noted 2nd . It is defined as the ratio between the COP 
of a real device and the COP of an ideal reversible device (Carnot heating cycle) 
operating within the same temperature span between the hot and cold environments 
(Lozano et al. 2016). 
2
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Where idealCOP  is the COP of the reversible heat pump system. It is defined 
according to the hot and cold environment absolute temperatures hT  and cT  
(Lozano et al. 2016). 
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The hot environment is the house indoor space which has an absolute temperature of 
295.15 K. The cold environment is the undisturbed underground soil in Denmark 
INTEGRATION OF A MAGNETOCALORIC HEAT PUMP IN ENERGY FLEXIBLE BUILDINGS 
154
 
which is assumed to have an average absolute temperature of 283.15 K. The COP of 
an ideal reversible heat pump operating in these conditions is thus 24.6. 
Initial tests are performed with the MCHP heating up only one thermal zone in the 
house case study: the living room. The total nominal flow of the heat pump is kept 
constant during the 4 months of the heating test period. Figure 7, Figure 8 and 
Figure 9 present the results of 150 simulations where the average heating 
production, system power usage, seasonal COPs and temperature span have been 
calculated for different constant total nominal heat pump fluid flows, 3 different 
AMR rotation frequencies and 2 kinds of ground loop heat source (horizontal GSHE 
and vertical borehole GSHE). It has to be noted that for low nominal volume flow 
rates, the heat pump does not provide enough heating power output to warm the 
living room up to the set point temperature of 22 °C. In these cases, the MCHP runs 
continuously during the whole test period and the indoor temperature is always 
below the target set point. 
 
Fig. 7 Heating power production and power usage of the magnetocaloric heat pump 
as function of fluid volume flow rate 
One can see on Fig. 7 that the MCHP heating production and its power usage 
increase rather linearly with the total fluid flow. However, for the lowest operation 
frequency of 0.5 Hz, the performances of the MCHP drop for fluid mass flow rates 
above 1600 L/h. In addition, when the heat pump is connected to a horizontal 
GSHE, its heating capacity is significantly diminished because of the lower fluid 
inlet temperature provided by this ground loop heat source. One can notice that the 
major part of the MCHP power usage is due to the pump work. 
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If the MCHP system is coupled with a vertical borehole GSHE, it can deliver up to 
2600 W of heating power when operating at a maximum fluid flow rate of 2100 L/h 
and with a rotation frequency of 1 Hz. In this case, the average seasonal system COP 
is 3.93 (10% and 90% percentile of the system COP are 3.72 and 4.12 respectively) 
for an average temperature span between the cold and hot side of the AMR of 19.9 
K. If the MCHP system is coupled with a horizontal GSHE, it can deliver up to 2200 
W of heating power when operating at a maximum fluid flow rate of 2100 L/h and 
with a rotation frequency of 2 Hz. In this case, the average seasonal system COP is 
3.13 (10% and 90% percentile of the system COP are 2.92 and 3.34 respectively) for 
an average temperature span of 25.5 K. 
 
Fig. 8 COP of the magnetocaloric heat pump and the entire heating system as 
function of fluid volume flow rate 
The Fig. 8 illustrates the change of the average seasonal 
AMRCOP  and systemCOP  
in function of the total nominal mass flow rate. Concerning solely the AMR, its 
performance (
AMRCOP ) is maximum for low fluid flow rates and low operation 
frequency. However, even if the 
AMRCOP  is significant, the heating power output is 
very limited at low flow rates while the energy usage of the circulation pump 
remains high. Therefore, the performance of the overall heating system ( systemCOP ) 
is maximum at high fluid flow rates with operation frequency of 1 or 2 Hz. Here 
again, one can see that vertical borehole GSHE allows better MCHP performance 
compared to the horizontal GSHE. These results can be compared to conventional 
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vapour-compression ground source heat pumps which have COPs typically ranging 
from 3 to 5 (Self et al. 2013). 
 
Fig. 9 Average temperature span between the cold and hot side of the AMR as 
function of fluid volume flow rate 
Fig. 9 shows the variation of the average temperature span between the cold and hot 
side of the AMR as a function of the nominal total volume flow rate of the MCHP. 
One can see that the temperature span of the horizontal GSHE configuration is 
significantly larger than the one of the vertical borehole GSHE configuration. This is 
due to the fact that the vertical borehole GSHE can supply a significantly warmer 
input fluid to the MCHP compared to the horizontal GSHE. 
In a second case study, the MCHP is tested to heat the whole house. According to 
the aforementioned results, the operation frequency is kept constant at 1 Hz as it 
shows the best performance for the considered range of fluid flow rates. Fig. 10 
presents the temperature of the different building systems as function of time during 
the four-month tests of heating up the house case study with the MCHP. The first 
test has a vertical borehole GSHE as the heat source, and the second test has a 
horizontal GSHE as the heat source. One can see that the heating system always 
manages to keep the operative temperature of the house above the set point of 22 °C. 
The average temperature and maximum temperature inlet to the under-floor heating 
system are 25.42 °C and 28.50 °C respectively. The average temperature outlet of 
the vertical borehole GSHE is 8.17 °C (10% and 90% percentile of the temperature 
outlet are 6.89 °C and 9.30 °C respectively). The average temperature outlet of the 
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horizontal GSHE is 2.42 °C (10% and 90% percentile of the temperature outlet are 
0.93 °C and 4.51 °C respectively). The average total volume flow rate of the system 
coupled with the vertical borehole GSHE is 689 L/h (10% and 90% percentile of the 
total volume flow rate are 222 L/h and 1333 L/h respectively). The average total 
volume flow rate of the system coupled with the horizontal GSHE is 775 L/h (10% 
and 90% percentile of the total volume flow rate are 222 L/h and 1555 L/h 
respectively). One can see that the vertical borehole GSHE is a more stable heat 
source which can provide higher brine outlet temperature to the heat pump 
compared to the horizontal GSHE. The average temperature span between the heat 
source and the heat sink is 17.25 °C and 23.00 °C for the vertical borehole GSHE 
and the horizontal GSHE respectively. 
 
Fig. 10 Temperatures of the building system as function of time during the four-
month test of heating up a house with a magnetocaloric heat pump 
The Fig. 11 shows the evolution of the COPs during the four month heating test 
period. All these results are daily running average. For the vertical borehole GSHE 
case, the seasonal average 
AMRCOP  is 9.19 (10% and 90% percentile of the 
AMRCOP  are 7.69 and 10.60 respectively) and the seasonal average systemCOP  is 
1.84 (10% and 90% percentile of the systemCOP  are 0.84 and 2.96 respectively). For 
the horizontal GSHE case, the seasonal average 
AMRCOP  is 6.39 (10% and 90% 
percentile of the 
AMRCOP  are 5.31 and 7.48 respectively) and the seasonal average 
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systemCOP  is 1.59 (10% and 90% percentile of the systemCOP  are 0.67 and 2.55 
respectively). Once again, one can see that the higher heat source temperature 
provided by the vertical borehole GSHE allows better operation performances of the 
MCHP compared to the horizontal GSHE. However, it is noticeable that the total 
system COP is rather low compared to the results of the single room test. This is due 
to the fact that the MCHP does not often run at maximum fluid flow rate where the 
coefficient of performance of the device is greater. 
 
Fig. 11 Daily average COPs of the magnetocaloric heat pump as function of time 
during the four-month heating test period 
Finally, Fig. 12 presents the daily average second-law efficiency of the MCHP 
system as a function of time. The second-law efficiency of a conventional ground 
source heat pump system with a COP of 3 is also indicated on the figure for 
comparison. For the vertical borehole GSHE case, the seasonal average second-law 
efficiency is 6.99% (10% and 90% percentile of the second-law efficiency are 
4.47% and 9.31% respectively). For the horizontal GSHE case, the seasonal average 
second-law efficiency is 6.02% (10% and 90% percentile of the second-law 
efficiency are 3.74% and 8.24% respectively). 
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Fig. 12 Daily average second-low efficiency of the magnetocaloric heat pump as 
function of time during the four-month heating test period 
6. Conclusions 
This article demonstrates for the first time the possibility to utilize a magnetocaloric 
heat pump for heating an entire building. This innovative heating device has been 
modelled as multi-dimensional lookup tables derived from a detailed numerical 
model in order to be tested with dynamic building energy simulations. It has been 
shown that it can be integrated in a single hydronic loop including a ground source 
heat exchanger and a radiant under-floor heating system. Such implementation does 
not require a storage hot water tank or additional circulation pumps or intermediate 
heat exchangers. At a constant maximum fluid flow rate of 2100 L/h, this 
magnetocaloric heat pump, when coupled to a vertical borehole heat source, can 
deliver up to 2600 W of heating power with an appreciable average seasonal system 
COP of 3.93. Moreover, the use of a vertical borehole as a heat source allows better 
performance of the heat pump because it can provide a more stable and higher fluid 
temperature inlet compared to a horizontal ground source heat exchanger. 
However, when the magnetocaloric device is used to heat an entire house with 
several thermal zones regulated by simple ON/OFF controllers, the heating system 
often operates at part-load capacity which leads to low COPs. Therefore, the 
magnetocaloric heat pump average seasonal system COP implemented in a low-
energy house under Danish weather conditions is 1.84 and 1.59 for a vertical 
borehole GSHE heat source and a horizontal GSHE heat source respectively. 
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Advanced control strategies used in demand side management for building energy 
flexibility such as indoor temperature set point modulation, could be an interesting 
solution to improve the operation performance of this magnetocaloric heat pump. 
This question will be addressed in further research. 
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Abstract 
This article presents the results of a numerical study investigating the influence 
on the heating energy flexibility of a Danish house of different thermal mass types 
located in the building envelope or in the indoor space. The heating energy 
flexibility is defined here as the dwelling’s ability to shift heating use in time. A heat 
storage strategy with indoor temperature set point modulation based on a price 
signal is implemented in the building model. The impact of additional indoor 
thermal mass elements (indoor items/furniture, PCM integrated in furnishing, PCM 
wallboards) is then compared to the main building parameters (envelope insulation 
level, structural thermal mass, heating system type). It is shown that the insulation 
level of the envelope is the building’s characteristic with the largest effect on the 
heating energy flexibility. To a lesser extent, the total thermal inertia also presents a 
significant influence. Moreover, it is found that indoor items and furniture must not 
be ignored in the case of dwellings with low structural thermal mass. Finally, phase 
change materials integrated in wallboards or in furnishing elements can increase 
substantially the time constant and heating energy flexibility of a house. 
Keywords: Building energy flexibility; demand-side management; space heating; 
indoor thermal mass; enveloppe thermal inertia; phase change material; furniture. 
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1. Introduction 
Most of the current national energy development strategies involve a large 
expansion of renewable energy sources (RES). A significant deployment of wind 
and photovoltaic power is planned in numerous European countries [1]. In Denmark, 
for example, the share of wind power is expected to reach 50% on an annual basis in 
2020. In 2050, Denmark aims at covering its entire energy needs with RES [2]. 
The major drawback of RES is that their production is intermittent and difficult to 
modulate. The important expansion of these intermittent RES may thus induce a 
serious mismatch between instantaneous energy use and production. Consequently, 
the stability of electrical grids can be significantly compromised. In the recent years, 
increasing efforts have been dedicated to develop demand-side management 
technologies allowing a modulation of the end-users’ energy need and consumption. 
These so-called “energy flexible” solutions can counter-balance the irregularities of 
RES production in an integrated Smart Grid system. It improves the controllability 
of the energy grids and therefore eases the integration of RES [3]. 
In many countries, buildings hold the largest share of the total energy needs. 
Moreover, 75% of the buildings energy use in Europe is dedicated to indoor space 
heating [4]. To a certain extent, the energy used for the conditioning of the indoor 
environment can be shifted in time without jeopardizing indoor comfort. To that 
matter, the thermal heat capacity of the buildings’ envelope and structural elements 
can present large potential for energy storage. Therefore the building sector should 
not be perceived as a passive energy end-user. On the contrary, it can be an 
important interactive actor, modulating its energy utilisation to facilitate the 
management of energy grids. The passive thermal energy storage (TES) in the 
indoor environment of buildings can be a cost effective key component for the 
management strategies of a smart energy grid system. A research study indicated 
that this clever usage of the building thermal inertia allows a larger reduction of 
excess electricity production and fuel consumption with a lower total cost compared 
to the heat accumulation water tanks solution [5]. The building set point indoor 
temperature can be increased to accumulate heat when the electricity is available and 
cheap and can be decreased when the power production is too low. However, the 
operative temperature should always be kept within the limits of the occupants’ 
thermal comfort. 
Some previous studies investigated the influence of different building parameters 
on the ability to modulate heating needs. In the case of TES in the indoor 
environment, the available structural thermal mass defines the maximum storage 
capacity of the system. The larger the activated thermal mass, the more heat energy 
can be stored during off-peak periods and partly recovered during peak periods [6] 
[7]. 
The effectiveness of the storage mainly depends on the envelope performance: 
level of insulation and air tightness. The higher the insulation level is, the better the 
building energy flexibility potential is [8]. Poorly insulated buildings can only 
sustain short term load shifting. In winter, after a heat accumulation period, they can 
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maintain thermal comfort without any heating need for a maximum of 1 – 5 hours 
whereas high performance envelope buildings can turn off their heaters for more 
than 24 hours. Consequently, a large amount of thermal energy can be shifted over a 
short period of time for low-insulation buildings while the well-insulated ones can 
shift a small quantity of energy over a long period of time [9]. 
Moreover, it was found that the heat emitter type has a significant influence on 
the flexibility potential. On the one hand, radiator terminals have mainly convective 
heat emission which results in a quick activation of the low capacitive indoor air. 
Therefore, the ventilation and infiltration heat losses are increased and the heat 
storage in the structural heavy building elements is limited. On the other hand, 
radiant emitters such as under-floor heating (UFH) or thermally activated building 
systems (TABS) activate directly the high thermal capacity of the floor elements. 
The time constant of the building increases and the indoor air temperature is lower. 
Consequently, the ventilation heat losses are reduced and the effective heat storage 
capacity is improved [6] [9] [10] [11]. 
Phase change materials (PCMs) offer an appreciable energy storage density 
within narrow temperature span. Latent heat thermal energy storage (LHTES) can be 
integrated in the inner surfaces of the indoor environment in order to increase the 
heat storage capacity of light structure buildings. Some researchers demonstrated the 
benefit of PCM wallboards and PCM UFH for space heating load shifting with set 
point temperature modulation control [12] [13]. Furniture pieces present a large 
surface area exposed to the indoor environment. It can also be used for the 
integration of PCMs and thus extend the applicability of the TES strategy [14]. 
Even if regulations tend to improve the energy efficiency of buildings, the 
heating demand remains dominating in cold winter countries. In Denmark, for 
example, 25% of the annual national energy use is dedicated to heating up buildings 
[15]. Moreover, single family houses represent 60% of the heated area of Danish 
residential buildings [16]. This paper will thus focus on the capacity of single family 
dwellings to shift in time their heating energy use by the mean of set point 
temperature modulation under Danish weather conditions. The current numerical 
study aims at exploring further the influence the building’s structural thermal inertia 
and different types of additional indoor thermal mass elements on the energy 
flexibility potential of houses. Two other building parameters are also investigated; 
namely, the envelope performance level and the type of heating system. 
Firstly, the methodologies for calculation of the energy flexibility factor and the 
building thermal inertia are explained. The different study cases and the numerical 
building model and its sub-components are then presented in details. A discussion 
follows about the results of this numerical investigation, including a parametric 
sensitivity analysis. Finally, a conclusion and suggestions for further research close 
the article. 
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2. Methodology 
2.1. Definition of the building energy flexibility 
With the recent paradigm shift in the building energy research sector from energy 
efficiency to demand-side management, several different energy flexibility 
indicators have been created. A review of these different metrics has been published 
by Rui et al. [19]. However, there is presently no scientific agreement about a clear 
definition of what is the “building energy flexibility”. Consequently, there is no 
standard way to assess it. The on-going IEA EBC Annex Project 67 [17] [18] is 
aiming to tackle these two problems by providing guidelines and increasing 
knowledge on the building energy flexibility concepts. 
In this study, the approach is similar to the one of a recent publication by Le 
Dréau et al. [9]. The energy flexibility is defined as the ability for the building to 
minimize the heating energy usage during high price periods and maximize it during 
low price periods. In other words, the building energy flexibility index assesses the 
capacity to shift in time heating use from high price to low price periods whilst 
insuring good indoor thermal comfort (see example on Fig. 1). The flexibility index 
is calculated according to equation (1). It represents the change of heating use during 
medium and high price periods when the energy is accumulated during low price 
periods compared to a reference scenario without any thermal storage strategy. 
 
𝑭 = [(𝟏 −
%𝑯𝒊𝒈𝒉
%𝑯𝒊𝒈𝒉𝒓𝒆𝒇
) + (𝟏 −
%𝑴𝒆𝒅𝒊𝒖𝒎
%𝑴𝒆𝒅𝒊𝒖𝒎𝒓𝒆𝒇
)] ×
𝟏𝟎𝟎
𝟐
               (1) 
 
Where %𝐻𝑖𝑔ℎ and %𝑀𝑒𝑑𝑖𝑢𝑚 are the percentages of yearly heating energy 
(relatively to the total yearly heating needs) used during high and medium price 
periods respectively when the heat storage strategy is operational. Equivalently, 
%𝐻𝑖𝑔ℎ𝑟𝑒𝑓.and %𝑀𝑒𝑑𝑖𝑢𝑚𝑟𝑒𝑓 are the percentages of yearly heating energy for the 
reference scenario (no heat storage strategy). The flexibility index takes the value of 
zero if the repartition of the energy use is the same as in the reference case. The 
building did not provide any energy flexibility. The index becomes negative if the 
share of high and medium price periods is larger than the reference values. In that 
case, the building is performing worse than the reference scenario in terms of energy 
flexibility. The flexibility index reaches 50% if the energy share of the medium price 
period does not change and if all the energy share of the high price period is shifted 
to the low price period. Similarly, the flexibility index reaches 50% if the energy 
share of the high price period does not change and if all the energy share of the 
medium price period is shifted to the low price period. If both the high and the 
medium price period shares are decreased by half, the flexibility index also takes the 
value of 50%. If there is no remaining energy usage during the periods of high and 
medium price, the flexibility index takes the maximum value of 100%. In that 
situation, the building presents a total energy flexibility. 
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Fig. 1. Variations of yearly heating use for light structure passive house with heat 
storage strategy (results from the current study). 
Several comments can be made about the definition of this flexibility factor. 
Firstly, it is necessary to obtain a reference energy usage scenario of the building to 
calculate its flexibility factor. Secondly, the energy price categories are established 
with an arbitrary definition (see following section) and are based on a specific 
electricity spot price profile. Different spot price profiles with shorter or longer price 
periods can have a significant impact on the flexibility factor calculation results. 
Similarly, the building’s local climate and occupants’ behaviour can largely 
influence the building energy flexibility potential [20]. 
2.2. Evaluation of the thermal inertia of building components with 
PCM 
As this numerical study focuses its attention on the different types of thermal 
mass elements in dwellings, it is important to assess the thermal inertia of each 
building component in a consistent way. The “effective thermal inertia” (expressed 
in J/K.m² or in Wh/K.m²) is therefore chosen as a common metric for the different 
construction elements. This metric is not present in the numerical model, but only 
used to compare the study cases. 
The effective thermal inertia of a building element can be evaluated numerically 
for different variation periods; typically 1 hour (hourly effective thermal inertia) or 
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24 hours (daily effective thermal inertia) [21]. Because the most important boundary 
conditions driving the transient response of a building (outdoor temperature, solar 
radiation, internal load, etc) present a clear daily variation profile, it is very common 
to characterize the building effective thermal inertia with a 24 hours variation 
periods, which is the case in the current study. 
The total daily effective thermal inertia of a building is calculated as the sum of 
the daily effective thermal inertia of each of its construction component, including 
internal partition walls. For the sake of convenience, in the rest of this article, the 
total daily effective thermal inertia of the building study cases is reported with 
respect of the gross floor surface area of the house and noted “building thermal 
inertia” (Wh/K.m²). 
The calculation of the daily effective thermal inertia of planar building elements 
can be performed according to the detailed matrix method described in the standard 
EN ISO 13786 [21]. This matrix method is based on the quadrupole formalism 
presented by Maillet et al. [22]. It is straightforward and can easily be implemented 
in calculation software to evaluate multi-layered material elements. However, it is 
based on the analytical solution of a simplified thermodynamic system assuming 
one-dimensional heat transfer through infinitely large planar solids. The dynamic 
boundary conditions are restricted to following a sinusoidal function. This 
assumption is nonetheless reasonable as sinusoidal functions are a common way to 
model indoor and outdoor temperature time variations [23]. For a given surface 
orientation and exposure, the surface heat transfer coefficient is assumed to be 
constant. The latter is set according to common values used in building energy 
calculations [24]. Another limitation of this methodology is that it only considers 
materials with constant thermal properties. Consequently, it cannot be used for 
materials in which phase transition occurs. 
In order to evaluate the effective thermal inertia of building elements including 
PCM, a one-dimensional finite volume method (FVM) numerical model of the 
planar element with PCM layers is developed (see description of the models for 
building elements with PCM in the following sections). It is then used for the 
calculation of the total internal energy variations when dynamic boundary conditions 
are applied. Kuznik et al. [23] employed a similar approach for the optimization of a 
PCM wallboard. From the point of view of a single side of the planar element, its 
areal effective thermal inertia κ (J/K.m²) is the capacity to store energy when 
subjected to periodically variating boundary conditions [21]. It is equal to the 
amplitude of internal energy variation ΔE (Joule) of a half volume element divided 
by the amplitude of temperature change 𝛥𝜃 (K) at the boundaries, and the element’s 
surface area A (m²): 
 
𝜿 =
𝜟𝑬
𝜟𝜽×𝑨
               (2) 
 
Similarly to the matrix method for daily effective thermal inertia calculation, a 
24-hour period sinusoidal function is used to define the boundary conditions. The 
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average boundary conditions temperature is equal to the melting/solidification 
temperature of the PCM. Once the system reaches periodic steady state, the areal 
effective thermal inertia is calculated. This numerical method has been validated 
against the detailed matrix method. It shows very good agreement for non-PCM 
materials: average deviation of 0.09% in the case of a concrete wall modelled with 
100 control volumes (see Fig. 2). 
One can also see on Fig. 2 the evolution of the areal effective thermal inertia of 
PCM wallboard element with a variable thickness and different amplitudes of 
sinusoidal temperature variation. These results are coherent with previous 
investigations [23], but no clear maximum effective thermal inertia could be found 
in the current case. For materials with constant thermal properties, such as concrete, 
the amplitude of the boundary conditions temperature variation has no effect on the 
calculation of the effective thermal inertia. But in the case of PCMs, it can induce 
noticeable discrepancies: average divergence of 4%. This can be explained by the 
fact that the PCM latent heat and temperature dependent thermal conductivity 
induce a non-linear correlation between temperature variation and internal energy 
variation. 
In the rest of this study, the detailed matrix method is used for normal (non-PCM) 
materials and the numerical model method with 5 K temperature variation scheme is 
used for PCM elements. 
 
 
Fig. 2. Areal effective thermal inertia of PCM wallboard and concrete wall as 
function of the thickness of the construction element. 
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3. Description of the building study cases 
A single-story building with 126 m² of heated space and a typical geometry for 
dwellings in Denmark is chosen as base case study. As the structural thermal inertia, 
the additional indoor thermal mass, the envelope performance level and the heating 
system type are under study in this paper, a total of 144 different versions of the 
single family house presented on Fig. 3 are generated with variations of these four 
building parameters. 
Two categories of building envelope performance are considered; namely, low-
insulation house from the 80’s and high-insulation passive house. The low-
insulation case corresponds to a Danish house built in the years 1980 with relatively 
poor thermal performances: yearly heating need around 160 kWh/m². The high-
insulation case corresponds to a “KomfortHus” and has been designed according to 
the Passive House standard [25]: yearly heating need around 13 kWh/m². For both 
categories, the insulation thickness and thermal conductivity, the infiltration and 
ventilation rate, the windows’ characteristics and surface area, and the HVAC 
systems’ performance are chosen accordingly. 
The material properties of the external and internal surfaces of the house’s walls, 
ceilings and floors are set in order to generate three structural thermal inertia 
building classes with three different sub-variations in each of them [26]: 
 Light-weight structure house; building thermal inertia: 30 Wh/K.m², 40 
Wh/K.m² and 45 Wh/K.m². 
 Medium-weight structure house; building thermal inertia: 50 Wh/K.m², 
60 Wh/K.m² and 70 Wh/K.m². 
 Heavy-weight structure house; building thermal inertia: 90 Wh/K.m², 
100 Wh/K.m² and 110 Wh/K.m². 
In addition, four indoor thermal mass configurations are considered: empty rooms 
filled with air only; additional indoor items/furniture present in the rooms; PCM 
integrated in furnishing elements; PCM wallboards placed on the inner surfaces of 
the house’s walls and ceilings. 
Finally, two types of heating system are integrated in the different building 
scenarios: convective radiator (30% of heat output by radiation and 70% by 
convection) and water-based under floor heating system. The design of the heating 
systems has been made according to the Danish and international standards and 
manufacturer’s technical guidelines [27] [28] [29] [30] [31] [32]. It is assumed that 
the primary energy source of the heating system is electricity with the use of a heat 
pump for example. 
The outdoor conditions correspond to the typical weather data in Denmark 
(Danish Design Reference Year 2013) [33]. The buildings are therefore assumed to 
be located in an open field around Copenhagen. People load and equipment internal 
gains are set according to a typical Danish appliance usage and dwellings occupancy 
schedule for four habitants [34]. 
The main information about the building cases is summarized in Table 1. More 
details can be found in a technical report [35].  
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Fig. 3. Plan view of the house case study. 
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Table 1: Characteristics of the building cases. 
 
4. Description of the building numerical model 
Within the framework of the EnovHeat project [36], a detailed building energy 
model of a single family house has been developed. This model is used in the 
present study. The following section presents succinctly the different elements of the 
MATLAB - Simulink numerical model and the main results of the validation test 
procedures. More information about the building model and all validation test results 
can be found in a detailed technical report [35]. 
4.1. Multi-zone building model 
Similarly to the HAM-tools [38] the heat transfer through planar construction 
elements is calculated with a one-dimensional finite control volume method (FVM) 
with explicit formulation comprising a small number of control volumes (commonly 
named “Resistance-Capacitance network” or “RC network”). External wall, internal 
wall, ceiling and roof elements are subdivided into 5 thermal nodes along the 
direction normal to the main plan surface: 2 nodes for the external panels (plaster, 
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wood, brick or concrete) and 3 nodes for the insulation layer (stone wool). Floor 
elements (including the soil layer under the house, the expanded polystyrene 
insulation layer and the concrete or wood slab containing the UFH system) are 
subdivided into 9 nodes. 
For the external surfaces, the direct and diffuse solar radiation and the long-wave 
radiation to the sky are calculated as a function of the local weather conditions and 
the surface orientation. Inside each thermal zone, the inner surfaces and the indoor 
air temperature nodes are connected within a star network configuration with 
constant mixed convection/radiation surface thermal resistance coefficients. Thermal 
bridges, ventilation, air infiltration and windows heat losses are modeled using 
constant thermal resistances. The ventilation heat recovery is activated during the 
heating season and turned off for an air inlet temperature above 22 °C. In case of 
over-heating during summer period, natural ventilative cooling is simulated by 
increasing the ventilation rate without any heat recovery. 
70% of the people load and equipment internal heat gains are considered fully 
convective and therefore applied directly to the air node of the thermal zone. The 
remaining 30% are modeled as radiative and distributed over all the indoor surfaces 
with respect to their surface area. Concerning the internal solar loads, 15% are 
modeled to go directly to the air node, 55% to go to the floor and 30% to go to the 
vertical walls of the thermal zone [37]. Concerning additional indoor items/furniture 
present in the indoor space, they can account for a large share of the surfaces 
exposed to radiations [14]. However, in this model, these elements do not have any 
real geometrical representation or position in the room and it is assumed that 50% of 
the radiative share of equipment, people, solar and radiator gains is absorbed by 
these elements’ surfaces. 
The 10 different thermal zones of the dwelling (9 rooms and an attic) are 
connected together to form the house multi-zone model. Doors in between the rooms 
are considered closed all the time and therefore there is no direct air exchange 
between the different thermal zones. Because the heat equation is solved with an 
explicit scheme, the simulation time step size is chosen to be 60 seconds in order to 
avoid numerical instability. 
4.2. Heating systems 
Two types of heating emitters are investigated in this study: convective radiator 
and water-based under floor heating system. The paper focuses on the house heating 
demand and therefore only considerers the emitted energy and not the total energy 
consumption of the system. Consequently, the primary systems for heat generation 
are not modeled.  
The radiator heating system is modeled with a first order transfer function which 
has a time constant of 10 minutes [39]. The radiator is regulated by a PI controller 
and emits 30% of its heat output by radiation and 70% by convection. 
The water-based UFH system is modeled as a horizontal heat exchanger 
embedded in a slab by coupling a “plug flow” model in a pipe with the ε-NTU 
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method. The plug flow principle model accounts for the dynamics of the 
uncompressible brine moving inside a pipe at variable flow rate. At each time step, 
an additional fluid cell is queued and pushed at the inlet/beginning of the pipe. The 
size of this new fluid cell is calculated according to the brine volume flow rate and 
the diameter of the pipe. Because of conservation of the total volume in the pipe, all 
the other queued fluid cells are pushed forward towards the pipe’s outlet. The outlet 
fluid temperature is calculated as the volume-weighted average temperature of the 
fluid cells exiting the pipe at each time step. The plug flow model assumes a no-
mixing condition between adjacent fluid cells. This is a reasonable assumption as 
the brine is circulating with a fairly high velocity in the pipes and the temperature 
difference between each cell remains small. Therefore the fluid cells solely 
exchange heat by convection with the walls of the surround pipe [40]. The ε-NTU 
method is used to calculate the heat transfer between each fluid cell in the pipe and 
the walls of the pipe and, consequently, with the rest of the UFH slab. This 
methodology collapses the complex heat transfers in the three-dimensional domain 
of a horizontal embedded heat exchanger into a simplified one-dimensional 
Resistance – Capacitance star network. The effectiveness of the heat exchanger 
takes into account the equivalent interaction thermal resistance in the layer of the 
slab where the water pipes are laid [30] [41]. The convective heat transfer 
coefficient of the brine in the pipe is calculated according to the fluid velocity, 
Reynolds number, temperature and other temperature dependent thermo-physical 
properties. The conductive slab surrounding the UFH pipe circuit is sub-divided into 
3 thermal nodes. A PI controller regulates the water temperature provided to the 
UFH distribution manifold. 
4.3. Latent heat thermal energy storage 
Phase change materials have found interesting applications for TES in buildings. 
One of the most promising solutions is the integration of PCM in wallboard panels 
on the internal surfaces of the indoor environment such as walls and ceilings. 
Moreover, the large surface area of furnishing elements which are exposed to the 
indoor environment is also a good candidate for the integration of PCMs [14]. 
Many LHTES numerical models for building systems are using an apparent heat 
capacity function to account for the latent heat of the phase transition. However, this 
approach does not really represent the physics of the PCM but only its apparent 
behaviour with regards of temperature. The PCM model for this study is based on an 
enthalpy formulation which really simulates the melting/solidification phase 
transition process at constant temperature [42] [43]. 
The stable form PCM is considered to be a homogenous material set in thin 
layers so that the heat transfer can be assumed one-dimensional. Density, specific 
(non-latent) heat capacity and thermal conductivity of each control volume are 
calculated as function of its current temperature. These material properties and 
melting/solidification temperatures are used to build an enthalpy/temperature 
function curve. A fully implicit one-dimensional FVM formulation with 1 mm thick 
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control volumes performs the heat transfer calculation in between the PCM layers. 
The variation of internal energy in each control volume is then used with the 
enthalpy/temperature function to get the corrected temperature. 
One limitation of this numerical model is that it cannot account for multiple 
phase transition temperatures. This situation can occur for PCMs which are made of 
several compounds with dissimilar melting temperatures. It is thus assumed that the 
PCM has only one specific melting temperature and one specific solidification 
temperature. These temperatures can be different to take into account hysteresis 
phenomena. However, in this model, it is chosen to not introduce any hysteresis 
effect and therefore both melting and solidification temperatures are fixed to 22 °C.  
Two types of LHTES system are tested in this study: PCM wallboards for the 
inner surfaces of walls and ceilings, and PCM integrated in furniture elements. Both 
systems consist of Energain® stable form PCM arranged in thin slabs. Energain® is 
a well-known commercial product. It is composed of 60 w% micro-encapsulated 
paraffin (organic PCM) mixed with 40 w% polyethylene [44]. The thickness of the 
PCM panel is chosen to be 1.5 cm. This value seems to be a reasonable choice to 
insure a significant increase of the heat capacity for daily temperature variations 
with an optimum amount of material. Indeed, one can see on Fig. 2 that PCM 
wallboards only present marginal improvement of the effective thermal inertia for 
PCM thickness above 1.5 cm. For thicker LHTES systems, the time needed for the 
heat to penetrate the PCM layer becomes larger than the charging period, and the 
melting process cannot be completed. 
Guarded Hot Plate Apparatus and Differential Scanning Calorimetry 
measurements have been conducted in order to determine precisely the thermal 
characteristics of the Energain® product. Some dissimilarity has been found 
between the current measurements and the results from a previous study of Kuznik 
et al. [23]. This discrepancy is probably due to the variability of the Energain® 
manufacturing process. Based on these experimental data and the information 
provided by the manufacturer, realistic PCM parameters (presented in Table 2) are 
chosen for the LHTES systems which are implemented in the building model. In 
particular, the PCM thermal conductivity is constant at 0.22 W/m.K for temperatures 
below 16 °C, constant at 0.18 W/m.K for temperatures above 28 °C, and varies 
linearly from 0.22 W/m.K to 0.18 W/m.K within the temperature range of 16 °C to 
28 °C. 
The additional daily effective thermal inertia of the PCM integrated in furniture 
elements is around 71.4 Wh/K.m² of gross floor surface area in average. The 
additional daily effective thermal inertia of the PCM wallboards ranges from 6.4 to 
68 Wh/K.m² of gross floor surface area. 
  
 
179 
Table 2: Characteristics of the phase change material. 
  
PCM characteristics 
Paraffin mass content (%) 60 
Paraffin latent heat of fusion (kJ/kg) 200 
Melting temperature (°C)* 22 
Thermal conductivity (W/m.K)* 0.22 – 0.18 
Density (kg/m³)* 1000 
Specific heat capacity (J/kg.K)* 2000 
Latent heat of fusion (kJ/kg)* 120 
Total heat storage for 𝜟𝜽 = 30 K (kJ/kg)* 180 
 
* For stable form PCM product: 60 w% paraffin in polyethylene matrix 
 
4.4. Indoor items/furniture elements 
The additional thermal mass of the indoor items and furniture elements inside 
occupied buildings can be accounted in different ways with various degrees of 
details: from simple virtual thermal node aggregating all elements, to detailed 
modelling with explicit location of each item in the building space [14]. In the 
current study, the additional indoor thermal mass is modelled as an equivalent 
fictitious planar element which aggregates all indoor items into an homogenous 
representative material. The thermo-physical properties of this equivalent element 
are chosen according to a previous study on the indoor content of dwellings in 
Denmark [14] and are presented in Table 3. 
In each of the dwelling’s thermal zones, the indoor thermal mass element is 60 
kg/m² of the room’s floor surface area concentrated in a 4.7 cm thick slab. 
Consequently, the surface area of one side of the planar element is equal to 1.8 times 
the room’s floor surface area. The equivalent planar element does not have any real 
geometrical representation or position in the room. It is therefore assumed that 50% 
of the radiative share of the equipment, people, solar and radiator heating loads are 
distributed on its surfaces. The element is coupled to the rest of the thermal zone in 
the same way as if it was an additional internal wall. The mixed convection/radiation 
surface thermal resistance coefficient is set constant and equal to 0.13 m².K/W. The 
additional daily effective thermal inertia of the equivalent element is around 18.1 
Wh/K.m² of gross floor surface area in average. 
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In the case of PCM integrated on furniture elements, the two models for indoor 
thermal mass/furniture and for PCM are combined together. The 1.5 cm thick layer 
of Energain® stable form PCM is added on the upper part of the equivalent planar 
element. 
 
Table 3: Equivalent indoor thermal mass/furniture properties. 
  
Equivalent planar element  
Thickness (mm) 47 
Density (kg/m³) 715 
Thermal conductivity (W/m.K) 0.3 
Specific heat capacity (J/kg.K) 1400 
Space discretization (nodes) 20 
 
4.5. Validation of the numerical models 
The FVM formulation for the construction elements has been tested and validated 
against the commercial software COMSOL Multiphysics. The other sub-
components of the model and the entire multi-zone building model have been tested 
and validated against the commercial software BSim. The average absolute 
difference between the MATLAB - Simulink model and the BSim reference model 
is 0.12 °C for indoor temperature, 0.5 W/m² for the heating power need and 0.88% 
for the cumulative energy consumption over 2000 hours of the heating period. In 
addition, a BESTEST procedure has been performed and shows that the MATLAB – 
Simulink building model can calculate correctly the indoor temperature and the 
heating/cooling needs of a light or heavy structure building. Finally, The PCM 
model has been validated against experimental Guarded Hot Plate Apparatus tests 
on Energain® samples. 
4.6. Heat storage control strategy 
The indoor space heat accumulation strategy which is implemented in the 
building model is the same as the one used by Le Dréau et al. [9] and similar to the 
one of Péan et al. [45]. In principle, the end-goal of the energy flexibility and 
demand-side management strategies is to allow the integration of a larger share of 
intermittent RES in a Smart Grid system. For that purpose, the building should be 
able to accumulate energy when there is an excess of RES production, and reduce its 
energy usage when the RES production is low. In countries like Denmark, where a 
large share of the electrical energy production mix is coming from wind turbines, the 
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electricity spot price is a good indicator of the RES availability and the energy 
demand. Consequently, the Danish electricity spot price (hourly market price 
observed in the Nordic electricity market “Nord Pool” in the year 2009 [46]) is used 
here to control the heating modulation strategy. The building accumulates heat 
energy during low price periods and save heat energy during high price periods. 
As shown on Fig. 4, limits for low price and for high price are calculated every 
hour as the lowest and highest quartile of the electricity market price over the last 14 
days. The house temperature set point is then modulated accordingly with three 
different values: minimum set point of 20 °C, neutral set point of 22 °C and a 
maximum set point of 24 °C. The temperature span between the minimum set point 
and the maximum set point is 4K. It corresponds to a normal level of thermal 
comfort with less than 10% of unsatisfied occupants [47]. Moreover, the transient 
indoor temperature change is always kept below the thermal comfort limit of 2.1 K/h 
[48]. When the spot price becomes low, the set point is increased to accumulate heat 
energy. When the spot price becomes high, the set point is decreased to save heat 
energy. When the spot price is within the medium category, the set point is kept at 
22 °C. 
 
 
Fig. 4. Temperature set point modulation with price control and maximum 
activation time of 6 hours for low-insulation light structure house with radiator. 
However, the occupants of a building might not necessary accept the change of 
the indoor temperature set point for an extended period of time based on an external 
signal. The longer the set point temperature is away from the neutral level and the 
more disturbance could be induced to the occupants. In order to study the impact of 
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different occupants’ disturbance levels on the building energy flexibility, a 
maximum activation time is defined between 30 minutes and 24 hours. When the 
low or high activation period reaches the maximum activation time, the set point is 
put back to its neutral level of 22 °C. The temperature set point is then maintained at 
the neutral point for a duration equal to the maximum activation time before the 
same activation can occur again [9]. 
5. Results and discussion 
5.1. Impact of additional indoor thermal mass on the building 
time constant 
The impact of additional indoor thermal mass on the building’s dynamics is 
investigated. Firstly, the time constant of six building cases from the three different 
structural thermal mass classes (light: 30 Wh/K.m², medium: 50 Wh/K.m², heavy: 
100 Wh/K.m²) and the two envelope performance categories (low-insulation house 
from the 80’s, high-insulation passive house) is calculated without any additional 
indoor thermal mass. The outdoor temperature is kept constant whilst all radiation 
and internal gains are set to zero. Once the house’s temperature has reached a steady 
state (indoor temperature set point at 19 °C), the convective radiator power is 
increased to maximum until the temperature reaches a new steady state. The 
building time constant is then calculated as the time needed to reach 63.2% of the 
temperature change between the two steady states. 
The Fig. 5 presents the influence of the different types of additional thermal mass 
on the building’s time constant compared to the empty room reference cases. The 
time constant and the thermal inertia of the reference empty buildings are stated in 
the table below the figure. One can observe that the PCM wallboards and the PCM 
integrated in the furniture increase significantly the time constant of all the 
buildings. Concerning the indoor items/furniture elements, their effect is limited for 
medium and heavy structure cases but not negligible for light structure buildings. 
 
 
183 
 
Fig 5. Change of building time constant with additional internal thermal mass. 
 
5.2. Influence of the maximum activation time on the building 
energy flexibility 
48 different building configurations (two envelope performance categories, three 
structural thermal mass classes, four kinds of additional indoor thermal mass and 
two types of heating system) are then simulated with 8 different maximum 
activation times for the heat storage strategy. One can see on Fig. 6 an example of 
the distribution of the heating energy consumption over the different price categories 
when the maximum activation time for TES is increasing. The control strategy tries 
to maximize the energy use during low price period and minimize it during high 
price period. However, there is no particular action to decrease energy consumption 
during medium price period. Consequently, the accumulated thermal energy is 
firstly impacting the high price category and marginally decreasing the medium 
price category in a second time. Similar patterns can be observed for all the building 
cases. The average increase of yearly heating energy use due to heat accumulation 
strategy (24 hours of maximum activation) is 3.3% and 6.3% for houses from the 
80’s and passive houses respectively. 
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Fig 6. Yearly heating use variation of a light structure low-insulation house with 
PCM wallboard for different maximum activation times. 
Fig. 7 and Fig. 8 show the evolution of the building energy flexibility index as 
function of the maximum activation time. These results are coherent with the 
previous study of Le Dréau et al. [9]. The flexibility index increases quickly and 
then stabilizes for activation times above 6 hours. This saturation effect can be 
explained by two phenomena. First of all, the building thermal storage capacity 
reaches its maximum limit and cannot accumulate more energy to improve its 
flexibility. Secondly, the indicated maximum activation time which is allowed to the 
controller is different from the effective activation time due to the variation 
frequency of the price signal. A Fourier analysis of this price signal shows that its 
main components have an oscillation period of 12 hours, 24 hours and 1 week. 
Consequently, the available accumulation low price periods are rarely lasting more 
than 6 hours and thus the maximum yearly average activation time is 4.7 hours. 
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Fig 7. Building energy flexibility of low-insulation house 1980 with light structure 
(a) and heavy structure (b) as function of maximum activation time (radiator: 
convective radiator; UFH: under floor heating).  
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Fig 8. Building energy flexibility of high-insulation passive house with light 
structure (a) and heavy structure (b) as function of maximum activation time 
(radiator: convective radiator; UFH: under floor heating).  
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5.3. Impact of the building parameters on the energy flexibility 
For the rest of this study, the maximum activation time of the heat accumulation 
strategy is kept at 24 hours. The building energy flexibility index has been 
calculated for 144 different study cases: two categories of building envelope 
performance, three classes of structural thermal inertia with three different sub-
variations, two types of heating system and four additional indoor thermal mass 
configurations (empty room, furniture/indoor content, PCM furniture, PCM 
wallboards). The results are shown on the Fig. 9 where one can see the increase of 
the energy flexibility as function of building total effective thermal inertia (including 
structural thermal mass from the envelope and additional indoor thermal mass, if 
any). 
 
 
Fig 9. Evolution of the building energy flexibility as function of the thermal inertia. 
It is clear that low-insulation houses present a significantly lower energy 
flexibility potential than high-insulation ones. Well-insulated dwellings have lower 
heating needs and can therefore shift it with a smaller storage capacity. Moreover, 
the efficiency of their envelope allows retrieval of a greater share of the accumulated 
thermal energy. However, one should keep in mind that low-insulation buildings can 
have a larger individual impact on the energy grid because the absolute amount of 
energy they are able to shift in time is about 4 times more important than high-
insulation buildings. 
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Furthermore, the results show that all kinds of activated thermal masses, 
regardless of their nature or location in the house, contribute to increase the overall 
heat storage capacity and consequently building energy flexibility potential. 
However, this impact stagnates for effective thermal inertia above 80 Wh/K.m², 
especially for low energy buildings. Indeed, medium and heavy structure passive 
houses reach the maximum energy flexibility potential: there is no remaining 
heating energy use to be shifted in time and therefore increasing thermal inertia 
further for additional heat storage capacity is ineffective. In the case of medium and 
heavy structure low-insulation dwellings, additional thermal mass cannot 
compensate for the poor envelope performance which greatly limits the recovery of 
accumulated thermal energy and therefore the total energy flexibility potential. 
Concerning heat emitters, the under floor heating system shows greater 
performance compared to convective radiators for medium and heavy structure 
buildings. The concrete screed where the under floor hydronic circuit is laid is 
highly activated, which allows a larger heat storage capacity. Moreover, radiant 
UFH system can provide the same level of thermal comfort with a lower indoor air 
temperature. This leads to a decrease of the ventilation and infiltration thermal 
losses and therefore improves the heat accumulation efficiency and the building 
energy flexibility. The employment of UFH can thus increase the building energy 
flexibility by up to 44% and 8% for low-insulation and high-insulation dwellings 
respectively. In the case of light structure house, the under floor heating was 
integrated in a wooden floor which does not have a significant heat capacity. 
Consequently, the flexibility potential of low thermal mass buildings is not 
improved by the use of UFH. 
5.4. Impact of additional indoor thermal mass on the building 
energy flexibility 
This numerical study also focused on assessing the influence of three different 
types of additional indoor thermal mass element on the building energy flexibility. 
The comparison results are presented on Fig. 10. The energy flexibility and the 
thermal inertia of the reference empty buildings are stated in the table below the 
figure. The relative values of the flexibility improvement are indicated as percentage 
and the absolute values of the flexibility change are in between parentheses. One can 
see that PCM wallboards and furniture with integrated PCM can appreciably 
increase the energy flexibility potential of dwellings with low insulation and low 
structural thermal inertia. However, the improvement is reduced for well-insulated 
houses and very limited for buildings with medium and heavy structures. 
In addition, it should be noted that PCMs and consequently PCM wallboards 
have a relatively low thermal conductivity. When positioned on the inner surface of 
construction elements in the thermal zone, the PCM wallboards obstruct the 
activation of the thermal mass underneath them. This is a problem in the case of 
buildings with heavy structures such as concrete or brick walls. The large heat 
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storage capacity of these construction elements is nullified by the presence of the 
PCM wallboards and is barely compensated by the latter. 
Concerning furniture and indoor content, they only account for a small share of 
the total effective thermal inertia of medium and heavy structure houses. It is thus 
not surprising that their impact on the building energy flexibility is almost 
negligible. Nevertheless, in the case of light structure dwellings, the influence of the 
indoor items is significant and should therefore be taken into account. 
 
 
Fig 10. Change of building energy flexibility with additional internal thermal mass 
(radiator heating system and maximum activation time of 24 hours). 
5.5. Parametric sensitivity analysis 
A statistical analysis of the results presented in the previous section (see Fig. 10) is 
performed to rank the different building parameters by order of significance 
regarding the energy flexibility. The effect level of the parameters is assessed by the 
mean of consecutive ANOVA (analysis of variance) tests on linear regression 
models with iterative deletion of the least significant term [49]. The results are 
presented in Table 4 with the most significant building parameter regarding energy 
flexibility (highest F-value) on the top. From this statistical analysis, it can be 
concluded that the insulation level of the house has the main role in the building 
energy flexibility compared to the building total thermal inertia, type of heat emitter 
or the kind of additional indoor thermal mass. 
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Table 4: Significance ranking of the building parameters regarding energy 
flexibility. 
Significance ranking Building parameter F-value 
1 Envelope insulation level 685.4 
2 Thermal inertia 91.4 
3 Heating system type 42.3 
4 Additional indoor thermal mass type 14.6 
 
Secondly, a sensitivity analysis of the influence of the additional indoor thermal 
mass parameters regarding the light-structure dwellings energy flexibility is 
conducted. The flexibility factor is calculated for realistic low and high additional 
indoor thermal mass characteristic variations (see Table 5). Relative changes of the 
flexibility factor from the reference cases are indicated in the colored boxes (red 
color for positive variations and blue color for negative variations). A similar 
ANOVA statistical analysis is then performed on these results. The Table 6 sums up 
the significance ranking of the different parameters of the three types of additional 
indoor thermal mass element. One can see that for indoor items/furniture elements, 
the surface heat transfer coefficient, the mass and the surface area of the elements 
play the main role while material density and thermal conductivity have little 
significance. For PCM furniture, the exposed surface area, the heat transfer 
coefficient and the PCM properties are the most significant parameters. For PCM 
wallboards, the characteristics of the phase change material layer have the dominant 
effects. 
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Table 5: Sensitivity analysis of the additional indoor thermal mass parameters. 
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Table 6: Significance ranking of the additional thermal mass parameters regarding 
energy flexibility. 
Indoor items/furniture 
Significance ranking Parameter F-value 
1 Surface heat transfer coefficient 30.1 
2 Mass 18.3 
3 Surface area 18.0 
4 Material density 1.7 
5 Material thermal conductivity 1.2 
   PCM furniture 
Significance ranking Parameter F-value 
1 Surface area 45.1 
2 PCM latent heat of fusion 27.9 
3 Surface heat transfer coefficient 13.8 
4 PCM thermal conductivity 11.8 
5 PCM layer thickness 10.9 
6 Furniture mass 0.5 
7 Furniture material density 0.1 
8 Furniture material thermal conductivity 0.1 
   PCM wallboard 
Significance ranking Parameter F-value 
1 PCM latent heat of fusion 29.0 
2 PCM layer thickness 12.6 
3 PCM thermal conductivity 12.1 
4 Surface heat transfer coefficient 0.5 
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5.6. Indoor thermal comfort 
Concerning the indoor thermal comfort, it has been observed that the house’s 
temperature stability (here assessed as the difference between the 5% quantile and 
the 90% quantile of the indoor temperatures during the heating period) is very 
dependent of the maximum activation time for the low-insulation dwellings. 
However, this parameter has a limited impact on high-insulation cases when the 
activation time is larger than 2 hours. Higher thermal inertia and better envelope 
performance improve significantly the indoor temperature stability. In the case 
medium and heavy structure houses, the UFH system also noticeably improves the 
indoor temperature stability compared to the convective radiator. These results are 
coherent with the previous study of Le Dréau et al. [9]. 
6. Conclusion 
The numerical study presented in this article has investigated the role of different 
building parameters in the heating energy flexibility potential of a Danish single 
family house with a heat storage strategy based on indoor temperature set point 
modulation according to a price signal. The building energy flexibility index defined 
in this paper represents the capacity of the dwelling to shift its heating use in time by 
accumulating thermal energy in the indoor environment during low electricity price 
periods, and reducing its heating use during high electricity price periods. 
The maximum thermal energy storage capacity of a building is mainly 
determined by its total effective thermal inertia. However, it was found that the 
envelope insulation level is the most important building parameter with respect to 
the capacity of a dwelling to shift its heating use in time. From the energy flexibility 
perspective, it is therefore more interesting to lower the building energy 
consumption and improve its storage efficiency rather than increasing the thermal 
inertia or changing the type of heating system. Nevertheless, it should be noted that 
poorly insulated houses, despite their limited energy flexibility potential, can have a 
larger individual impact on the energy grid because the absolute amount of energy 
they shift in time is more important than the one of highly insulated houses. 
In order to increase the effective thermal inertia of lightweight structure 
dwellings and consequently improve their energy flexibility potential, the integration 
of phase change materials in inner surface wallboards or in furniture elements seems 
to be a good solution. In the current numerical study, the PCM wallboards could 
increase the energy flexibility index by up to 111% and 35% in the cases of low-
insulation and high-insulation light-structure houses respectively. Similarly, 
furniture with integrated PCM could increase the energy flexibility index by up to 
87% and 30% in the cases of low-insulation and high-insulation light-structure 
houses respectively. It should be pointed that PCM wallboards should not be placed 
on heavy construction elements. They screen the thermal activation of the material 
layers placed behind them and barely provide the same heat storage capacity as 
traditional concrete or brick walls. In the case of medium and heavy structure 
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houses, additional thermal inertia only marginally improves the energy flexibility 
potential. In addition, the use of UFH system instead of convective radiators can 
activate more of the building structural thermal mass with a reduced indoor air 
temperature. It can thus lead to a building energy flexibility improvement of up to 
44% and 8% for low-insulation and high-insulation dwellings respectively. 
This paper also demonstrated that the empty space assumption for dynamic 
energy simulations was not appropriate for lightweight structure buildings with less 
than 50 Wh/K.m² of thermal inertia. Transient thermal behaviour and total heat 
storage capacity can be significantly influenced by the presence of items and 
furniture in the indoor environment. It was found that the assessment of the time 
constant of such building can be increased by up to 43% and the energy flexibility 
index by up to 21% when indoor items are taken into account. 
Demand side management and building energy flexibility are promising research 
topics. Further work is needed to develop novel methodologies for the assessment of 
the energy flexibility potential of buildings and their capacity to respond to the grid 
needs. More studies should also be made on the acceptability of users regarding 
domestic heat storage strategies with external control signals. Concerning numerical 
simulations, knowledge has to be gained about the interaction between the indoor 
content elements, such as furniture, and the indoor environment for a better 
prediction of the dynamic building thermal behaviour. Finally, the potential for 
phase change materials integrated in furnishing elements should be investigated 
further. The design of these latent heat thermal energy storage systems should be 
optimized in accordance to a certain heat accumulation strategy and precise 
boundary conditions. 
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Abstract 
The main goal of the EnovHeat project is to develop, build and test a prototype of 
an innovative heat pump based on active magnetic regenerator technology. This 
device can be coupled to a ground source heat exchanger and an under-floor heating 
system to provide for the space heating needs of a low-energy house in Denmark. 
However, the use of a simple controller leads to modest performances because the 
heating system is running mostly part-load. This numerical study has tested the 
possibility of using heat storage in the indoor environment as an effective strategy to 
optimize the operation of the magnetocaloric heat pump. Indoor temperature set 
point modulation can take advantage of the building energy flexibility potential to 
maximize the full-load operation time of the heating system and therefore improve 
its overall COP. Results show that this new controller can significantly increase the 
average COP, ranging from 2.90 to 3.51 depending on the cases. Although the 
indoor temperature stability is reduced, it allows the magnetocaloric heat pump to 
reach energy use efficiencies which are similar to the ones of conventional vapour-
compression heat pumps. 
 
INTEGRATION OF A MAGNETOCALORIC HEAT PUMP IN ENERGY FLEXIBLE BUILDINGS 
200
 
Keywords: Magnetocaloric heat pump; magnetic heating; active magnetic 
regenerator; innovative heating system; building energy flexibility; demand-side 
management 
 
1. Introduction 
In the recent years, global agreements have been reached concerning the 
necessity of decreasing our dependency on fossil fuels [1]. To meet these goals, a 
large deployment of renewable energy sources (RES) and a sharp improvement of 
our societies’ energy efficiency are needed [2]. In many countries, the building 
sector is the largest energy end-user. In Europe, for instance, it accounts for around 
40% of the total energy demand and indoor space heating represents 75% of the 
building energy needs [3]. Consequently, the development of sustainable low-energy 
buildings with efficient heating systems is essential. 
1.1. Role of heat pump systems 
Heat pumps are mechanical devices which transfer thermal energy from a cold 
reservoir with low exergy (heat source) to a warmer environment with higher exergy 
(heat sink) by means of heating/cooling thermodynamic cycles. Conventional heat 
pumps are typically electrically driven and operate with a vapour compression 
thermodynamic cycle. This mature technology for heating is cost effective, presents 
low CO2 emission, and achieves high coefficient of performance (COP) ranging 
from 3 to 5 [4][5]. 
Heat pump systems are therefore an excellent solution to supply heating energy 
for indoor space conditioning and domestic hot water in countries where the heating 
demand is dominating. Indeed, in the case of Denmark, a study showed that district 
heating (in urban areas) and individual heat pumps (outside urban areas) are the best 
heating supply solutions with regards to costs, energy consumption and CO2 
emissions [6]. Similarly, it was found that heat pumps are an environmentally and 
economically optimum solution for heating supply in the future RES-dominated 
energy systems of Germany [7] and the U. K. [8]. 
Consequently, heat pumps are key components of the energy development 
strategies in many countries. It therefore leads to a rapid increase of the market 
demand. For example, in the European Union, between 2005 and 2014, an average 
of 720 000 units were installed each year. In 2014, the total European heat pump 
stock was of 7.5 million units. With the continuous tightening of the building energy 
efficiency regulations and the enthusiasm for the renovation sector, the heat pump 
market presents a significant growth perspective. It is estimated that, if all the 
European countries had the same market penetration as Sweden, there would be 36.9 
million heat pump units running in Europe in 2020 and 85.9 million in 2030 [9]. 
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1.2. EnovHeat project: the magnetocaloric heat pump 
Responding to the large public interest for the heat pump technology, industries 
and research teams continuously endeavour to develop new cost-effective technical 
solutions to be production oriented. In that sense, the main goal of the EnovHeat 
project [10] is to develop, build and test the prototype of an innovative heat pump 
system based on active magnetic regenerator (AMR) technology (see Fig. 1). The 
cooling/heating thermodynamic cycle for heat transfer is generated from the 
reversible magnetocaloric effect of the materials used as solid refrigerants (the 
magnetocaloric materials). Due to the reversible nature of the magnetocaloric effect, 
this technology has great potential for high COP. Moreover, AMR devices have the 
benefit of a more silent operation, an absence of greenhouse or toxic gases, and the 
possibility for recycling the magnets and the magnetocaloric materials [11]. 
Comprehensive explanation of the magnetocaloric effect, materials and systems can 
be found in the publications of Smith et al. [11] and Kitanovski et al. [12]. The 
AMR system principle is described in detail in the articles of Engelbrecht et al. [13] 
and Lei et al. [14]. 
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Fig. 1. CAD model of the magnetocaloric heat pump prototype of the EnovHeat 
project: “MagQueen”.  
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A previous study [15] numerically demonstrated for the first time that such a 
magnetocaloric heat pump (MCHP) can be implemented in a low-energy single 
family house and provide for its space heating needs under cold weather climate 
conditions (Denmark). In the EnovHeat project, the MCHP is used solely for indoor 
space heating because domestic hot water production requires a higher temperature 
span. Nevertheless, this is an encouraging starting point for the development of this 
promising technology. 
The MCHP can be integrated in a single hydronic loop including a vertical 
borehole ground source heat exchanger (GSHE) and a radiant under-floor heating 
(UFH) without an intermediate heat exchanger or hot water storage tank. As shown 
in Fig. 2, this system configuration can run with appreciable COP. It can produce up 
to 2600 W of heating power with an average seasonal COP of 3.93 when operating 
at maximum capacity. However, if the MCHP is implemented in a multi-zone 
building with a simple fluid flow rate controller and independent thermostats in each 
thermal zone, the heating system operates on partial-load most of the time. As 
illustrated in Fig. 3, this leads to modest performances (average seasonal COP of 
1.84). 
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Fig. 2. COP of the entire heating system (comprising the MCHP, the vertical 
borehole GSHE and the UFH hydronic loops) as a function of the heat pump fluid 
volumetric flow rate [15].  
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Fig. 3. COP and fluid volumetric flow rate of the MCHP heating system during a 
four-month winter test period [15]. 
 
1.3. Building energy flexibility 
The major drawback of RES is the intermittence of power generation. The 
increasing share of RES in electricity grids can thus induce major mismatch between 
instantaneous energy use and production, leading to grid instability. A paradigm 
shift is occurring in the field of energy system management and the concept of 
Smart Grids with massive RES penetration is emerging. Consequently, there is an 
increasing demand for energy storage and energy end-user flexibility [16]. For that 
matter, the building sector should not be considered as a simple passive end-user 
but, on the contrary, as a major active player which can help regulating the 
electricity production and consumption. Buildings’ energy demand can be 
modulated by means of thermal storage, HVAC usage adjustment, electric vehicles 
charging scheduling, plug-loads shifting, etc. These demand side management 
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measures are commonly denominated as “Building Energy Flexibility” strategies 
[17]. 
As mentioned before, the heating need for indoor space conditioning is a major 
target for building efficiency improvement. It is also the case for building energy 
flexibility strategies. The large potential for thermal energy storage (TES) in 
buildings can be cleverly employed to shift heating use in time and thus reshape the 
overall power profile. To that end, it was found that passive TES in the indoor 
environment and building structural thermal mass is more cost effective than 
enlarging storage water tanks [18]. In conventional vapour-compression heat pump 
(VCHP) systems, most of the flexibility is provided by an accumulation hot water 
tank. However, there is no water tank in the current MCHP system implementation 
[15]. Indoor temperature set point modulation for passive TES in the indoor space 
could therefore be a solution to enable building energy flexibility [19] and optimize 
the MCHP operation by increasing its running time at highest COP. 
1.4. Aim of the current study 
The current numerical study extends the previous research conducted on the 
integration of this innovative heat pump in dwellings [15] by implementing a new 
control strategy taking advantage of the building energy flexibility potential. Firstly, 
the MCHP system and the building study cases are described. The heat storage 
control strategy for optimized heating system performances is then presented. 
Finally, the benefits of this control strategy concerning the heat pump operation are 
discussed and followed by a conclusion and suggestions for further work on that 
research topic. 
2. Magnetocaloric heat pump system 
2.1. Characteristics of the magnetocaloric heat pump 
The fundamental principle of a heat pump system is to transfer thermal energy 
from a cold source to a warmer sink. In order to achieve that, the magnetocaloric 
device (see Fig. 4) makes use of magnetic heating/cooling thermodynamic cycles, 
commonly named “active magnetic regenerator” (AMR) cycles. The refrigerant is a 
solid magnetocaloric material (MCM) arranged as packed bed spheres (450 μm 
diameter) in trapezoidal shaped-cassettes regenerators (63 mm by 61.43 mm). 13 of 
these regenerators are mounted on an iron ring that represents the vertical stator. A 
two-pole permanent magnet assembly is placed on the rotor to complete the rotary 
device which can create a varying magnetic field with a maximum value of 1.46 T. 
The rotation of the magnet subjects the beds filled with MCM to a time-varying 
magnetic field which, in return, exhibit a thermal response. When the MCM is 
magnetized, its temperature increases. When the MCM is demagnetized, its 
temperature decreases. The rotation frequency of the device is fixed at 1 Hz. For 
each of the regenerator beds there are two solenoid valves synchronized with the 
position of the magnet via an absolute encoder. These valves allow for bi-directional 
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circulation of the coolant fluid (20%vol ethylene glycol and 80%vol water) through 
the individual MCM porous media beds while the overall flow to the device is 
delivered by a continuously operating pump. The overall effect is to transfer thermal 
energy from the cold side to the warm side of the regenerators. A single centrifugal 
pump circulates the heat transfer fluid from the heat source to the two manifold 
distributors and from the two manifold collectors to the heat sink. 
A detailed description of the EnovHeat MCHP device and its operation principle 
can be found in the paper published by Johra et al. [15]. 
 
 
Fig. 4. Detailed description of the magnetocaloric heat pump prototype of the 
EnovHeat project: “MagQueen”. 
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2.2. Numerical modelling of the magnetocaloric heat pump 
Originally, the MCHP has been modelled by Engelbrecht [20] and then further 
developed by Lei et al. [14]. If reasonable assumptions on regenerator’s geometry, 
external heat losses and demagnetization losses are made, the time-dependent fluid 
temperature distribution in the AMR can be calculated with two coupled partial 
differential equations: 
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Where k, T,  , c and s are the thermal conductivity, temperature, density, 
specific heat, and specific entropy; 
cA , hd , sa , ε, x, t , fm , and H are the cross 
sectional area, hydraulic diameter, specific surface area, porosity of the regenerator 
bed, axial position, time, fluid mass flow rate and internal magnetic field; /P x   
and Nu are the pressure drop and the Nusselt number. The subscripts f and s 
represent fluid and solid refrigerant, respectively. dispk  is the thermal conductivity 
of the fluid due to axial dispersion, 
statk  is the static thermal conductivity of 
regenerator and fluid, and 
Hc  is the specific heat capacity of the MCM at constant 
magnetic field. An implicit finite volume method scheme is used to solve these 
equations within the MATLAB software environment. This numerical model has 
been successfully validated with experimental data of a real AMR device [21]. For 
the purpose of the numerical simulation of an entire building, the detailed MCHP 
model is approximated by a series of around 1600 quasi-steady states implemented 
in 5-dimensional lookup tables. These lookup tables are function blocks of the 
MATLAB-Simulink software environment which can generate the MCHP output 
values with minimum computation needs. 
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More details about the numerical modelling of the EnovHeat MCHP can be 
found in the paper published by Johra et al. [15]. 
3. Building systems 
3.1. Building study case 
The building study case of the EnovHeat project for testing the integration of the 
MCHP is a single family house in Denmark. This single-story dwelling has a heated 
floor surface area of 126 m² and a geometry which is typical for modern Danish 
houses (see Fig. 5). It is a low-energy building with a yearly heating need of 16 
kWh/m² [22]. 
In the case of TES in the indoor environment, the building envelope performance 
and the structural thermal inertia are the main parameters determining the heat 
storage capacity and efficiency of a building and, consequently, its energy flexibility 
potential [23]. However, the current configuration of the MCHP is restricted to low-
energy buildings. Therefore, only the structural thermal inertia of the house is varied 
to assess the influence of the energy flexibility on the MCHP performance. 3 
different classes of structural thermal inertia are defined for this house: 
 Light-weight structure building: daily effective thermal inertia of 30 
Wh/K.m². 
 Medium-weight structure building: daily effective thermal inertia of 
60 Wh/K.m². 
 Heavy-weight structure building: daily effective thermal inertia of 
100 Wh/K.m². 
The outdoor boundary conditions for air and ground temperature, solar gains, 
atmospheric pressure, cloud cover, relative humidity, wind speed and long wave 
radiation are extracted from the weather file of the Danish Reference Year (DRY 
2013) [24]. It is assumed that 4 persons are living in the dwelling with occupancy 
following a representative weekly schedule for Denmark. The equipment and people 
load time distribution are set accordingly [25]. 
More details about the EnovHeat building study cases can be found in the paper 
published by Johra et al. [15] and in a DCE technical report [26]. 
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Fig. 5. Plan view of the house study case. 
 
3.2. Heating systems 
To maximize the performance of the heat pump system, a vertical borehole 
GSHE is used as high temperature heat source, and a hydronic radiant under-floor 
heating system is used as low temperature heat sink. The under-floor heating system 
consists of PE-Xa pipe (16 mm outer diameter) loops embedded in a 100 mm thick 
concrete screed in the case of the medium and heavy thermal inertia houses. For the 
light thermal inertia house cases, UFH pipes are embedded in the wooden floor. It 
has been sized according to international standards and manufacturer's guidelines 
[27][28][29]. The ground source loop is a vertical borehole heat exchanger 
consisting of a single collector double U-tube PEX pipe (44 mm diameter). The 
borehole is 100 m deep and has a diameter of 160 mm. The total pipe length of the 
ground loop is thus 200 m. The design and sizing of the GSHE has been made 
according to international standards and manufacturer's guidelines [30][31][32], and 
assuming that the soil is a humid clay sand. 
The MCHP operates at temperatures and fluid flow rates which are compatible 
with direct use in the heat emitter. Therefore, the GSHE and the UFH are coupled to 
the MCHP inside a single hydronic loop without any intermediate heat exchanger or 
hot water storage tank (see Fig. 6). With that configuration, the same heat transfer 
fluid (20%vol ethylene glycol and 80%vol water) is circulated through the heat 
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source, the heat sink and the MCHP. The fluid flow is generated by the internal 
circulation pump of the MCHP which has a maximum volumetric flow rate of 2100 
L/h. 
The original controller for the MCHP heating system is a basic flow rate 
regulation. The speed of the circulation pump is adjusted to keep a nominal fluid 
volumetric flow rate of around 220 L/h in each UFH sub-circuits. There are 9 UFH 
hydronic loops arranged in the 8 thermal zones of the house. Each thermal zone has 
a thermostat adjusting the indoor temperature to a given set point by opening/closing 
a motorized valve with an ON/OFF controller. 
The performance of the MCHP is compared with a conventional water-to-water 
VCHP implemented in the same building case with the same UFH system and 
vertical borehole GSHE. The VCHP has characteristics similar to the model 
TWM036 of ClimateMaster® [33]. With a n ominal fluid flow rate of 2052 L/h in 
both heat source and heat sink, this ground source VCHP has a heating power output 
of 8.28 kW with a COP of 4.51 (heat source at 5 °C and heat sink at 35 °C). A 250 L 
hot water storage tank, 3 circulation pumps and a mixing valve are added to the 
heating system (see Fig. 7). The hot water accumulation tank has a temperature set 
point of 35 °C. The water temperature is measured in the top third of the water tank. 
More details about the building heating systems can be found in the paper 
published by Johra et al. [15] and in a DCE technical report [26]. 
 
 
Fig. 6. Integration of a magnetocaloric heat pump in single hydronic loop with 
ground source heat exchanger and under-floor heating system. 
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Fig. 7. Integration of a conventional vapour-compression heat pump with ground 
source heat exchanger, hot water storage tank and under-floor heating system. 
3.3. Numerical modelling of the building systems 
A thermodynamic multi-zone model of the building is created within the 
MATLAB-Simulink software environment. A one-dimensional explicit finite 
volume method with a limited number of control volumes is employed to calculate 
the heat transfer through the construction elements. Surfaces facing the indoor space 
are connected to the indoor air node within a star network configuration using 
constant mixed convection/radiation thermal resistance coefficients. Constant 
thermal resistances are used to model thermal bridges, ventilation, air infiltration 
and windows heat losses. Solar heat gains and long-wave radiation to the sky are 
calculated as a function of surface orientation and outdoor weather conditions. 
The hydronic under-floor heating is modelled with the ε-NTU method [28][34] as 
a horizontal heat exchanger embedded in a multilayer slab. The dynamics of the 
fluid in the pipe network when the flow rate is varying are simulated with a “plug 
flow” model [35]. The vertical borehole GSHE component is created by coupling 
two straight pipe heat exchanger sub-models (ε-NTU method with “plug flow” 
model) in a triangular thermal network (Resistance-Capacitance network) [36]. The 
underground soil around the ground source is considered as a one-dimensional finite 
domain and implemented in a MATLAB state space function. Temperature 
boundary conditions are defined on the upper ground surface by the weather 
conditions. At a depth of 100 m, the ground temperature is set constant to 10.1 °C. 
The thermo-physical properties of the brine and the associated convective heat 
transfer coefficient in the pipes are calculated as a function of the fluid composition, 
velocity and temperature. 
Similarly to the MCHP, the conventional VCHP is modelled with a collection of 
steady states implemented in a 4-dimensional lookup table function. The lookup 
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table data is obtained from documentation of the VCHP manufacturer [33]. The 250 
L hot water storage tank has a cylindrical shape (radius of 29 cm; height of 95 cm) 
with 5 cm of polyurethane insulation (heat losses to the ambient are 1.356 W/K). 
The water tank model is a simplified version of that presented by Angrisani et al. 
[37]. 
The building model has been validated with a BESTEST procedure [38]. Sub-
components of the building model have been validated against commercial software 
or experimental data. More details about the numerical models of the building 
systems can be found in the paper published by Johra et al. [15]. Validation test 
results and detailed description of the building sub-components can be found in a 
DCE technical report [26]. 
4. Heat storage control strategy 
As mentioned before, the original MCHP controller is simple and causes the 
heating system to operate with modest performances. Because each room in the 
house has very different time profiles for heating need, it is very rare that all rooms 
need maximum heating power at the same time. Consequently, the MCHP does not 
run at the optimum fluid flow rate and highest COP most of the time. 
A new control strategy is thus implemented. It takes advantage of the building 
energy flexibility potential by using indoor temperature set point modulation to 
allow TES in the indoor environment. When the heating system is activated, it 
operates at high capacity with optimum COP to store thermal energy in the house’s 
thermal mass leading to a slight increase of the indoor temperature. When the 
building is fully charged, the heating system is completely turned off and the indoor 
temperature freely decreases until reaching a critical threshold for re-activation of 
the heat pump. The maximization of the MCHP operation time at optimum COP 
increases the overall performance of the heating system. 
Fig. 8 illustrates in more details this new heat storage strategy and compares it to 
the simple controller (building case study with high thermal inertia: 100 Wh/K.m²). 
One can see in Fig. 8(a) that the house indoor temperature is allowed to vary around 
the “neutral temperature set point” of 22 °C. When the lowest temperature of the 
house (coldest room) reaches the “minimum temperature limit” (set between 20 °C 
and 22 °C), the heating system is activated (see Fig. 8(b)) and warms up all rooms at 
maximum power. If the temperature of a particular room is reaching the “maximum 
temperature limit” (set between 22 °C and 24 °C), the room’s thermostat adjusts the 
fluid flow in the corresponding UFH loop to keep the temperature at the maximum 
temperature limit, which decreases accordingly the total fluid flow rate of the 
MCHP. When the average temperature of the house (defined as the floor area 
weighted average temperature of all rooms) reaches the maximum temperature limit, 
the whole heating system is turned off. 
The temperature span between the minimum and maximum temperature limits 
centred on the neutral indoor temperature set point, cannot be greater than 4 K. 
These requirements maintain a normal thermal comfort level with less than 10% 
dissatisfied occupants [39]. 
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One can see in Fig. 8(c) the clear change in the MCHP fluid flow rate profile. 
When the heating system is activated, the fluid flow rate is kept at its maximum 
most of the time. Consequently, the COP during operation time is greatly improved 
(see Fig. 8(d)). 
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Fig. 8. Example of heat storage strategy control for MCHP: (a) temperatures in 
the house (with and without heat storage strategy); (b) activation of the MCHP 
(with heat storage strategy); (c) fluid volumetric flow rate of the MCHP (with and 
without heat storage strategy); (d) COP of the MCHP (with and without heat 
storage strategy).  
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5. Results and discussion 
The simulation results presented hereafter correspond to a four-month heating 
period from the 1
st
 of January to the 30
th
 of April under Danish weather conditions 
[24]. The “heat storage temperature span” is defined as the difference between the 
minimum and the maximum temperature limits. 
5.1. Performance metric 
The performance of a heat pump system is commonly assessed by calculating its 
coefficient of performance (COP). In the case of the magnetocaloric device, 
MCHPCOP  is calculated with the useful heating power heatingQ  delivered to the 
UFH, the circulation pump work pumpW , the motor work motorW , and the valves 
work valvesW . In the case of the conventional vapour-compression heat pump, 
CVCHPCOP  is calculated with the useful heating power heatingQ  delivered to the 
UFH, the compressor work compressorW , and the work of the 3 circulation pumps 
pumpW . 
heating
pump motor valves
MCHP
Q
COP
W W W

 
(3) 
r
heati
CVCHP
compresso pump
ngQ
COP
W W


(4) 
5.2. Example of magnetocaloric heat pump operation 
improvement with the heat storage strategy 
In this section, we examine an example of magnetocaloric heat pump operation 
improvement by using a heat storage strategy. The building case has a medium 
thermal inertia of 60 Wh/K.m², and a heat storage temperature span of 4 K. One can 
clearly see in Fig. 9 that the heat storage strategy enables a shift of most of the 
operation time towards maximum fluid flow rate. Consequently, the MCHP is 
activated less often and for shorter periods of time but with significantly improved 
COP (see Fig. 10 and Fig. 11). In that case, the average COP of the heating system 
during the four-month heating period with a simple controller is of 1.81 (10
th
 and 
90
th
 percentile of the COP are 0.83 and 3.20, respectively). The heat storage strategy 
improves the average COP to 3.48 (10
th
 and 90
th
 percentile of the COP are 3.00 and 
3.89, respectively). 
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Fig. 9. Histogram of the MCHP heating system fluid volumetric flow rate during the 
four-month heating test period. 
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Fig. 10. COP of the MCHP system as a function of time during the four-month 
heating test period. 
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Fig. 11. Histogram of the MCHP heating system COP during the four-month 
heating test period. 
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5.3. Influence of building thermal inertia and heat storage 
temperature span on the magnetocaloric heat pump performance 
In this section, the results of 18 different study cases are analysed. The MCHP 
system with a heat storage strategy is compared with the simple controller cases and 
the conventional VCHP cases. As mentioned before, 3 different classes of building 
thermal inertia are tested. The heat storage temperature span of the MCHP heat 
storage strategy is varied from 0 K to 4 K. The 0 K temperature span cases actually 
correspond to the simple controller cases. 
One can see in Fig. 12 that both the heat storage temperature span and the 
thermal inertia have a positive impact on the average fluid flow rate of the heat 
pump, which improves its performance. Fig. 13 emphasizes the maximization of the 
time duration at which the heating system runs at full-load and optimum COP. In the 
first part of the MCHP activation period, the heating system runs at full capacity and 
highest COP. The second part of the MCHP activation period starts when the first 
room of the house reaches the maximum temperature limit. During that time, the 
heating system operates at part-load with lower COP until the MCHP is turned off. 
It is quite clear that the larger the heat storage temperature span and structural 
thermal inertia, the longer the first part of the activation period at continuous full 
heating capacity compared to the part-load period. 
Fig. 14 presents the consequences of this maximization of the fluid flow rate in 
terms of COP for the heating system. Larger thermal inertia and heat storage 
temperature span lead to significant improvements of the COP. One can notice that 
even a moderate heat storage temperature span of 0.5 K can increase the average 
COP by 40%, 74% and 78% for light, medium and heavy structure houses, 
respectively. At a maximum heat storage temperature span of 4 K, the average COP 
reaches 2.90 (10
th
 and 90
th
 percentile of the COP are 2.11 and 3.44, respectively) for 
the light thermal inertia house, 3.48 (10
th
 and 90
th
 percentile of the COP are 3.00 and 
3.89, respectively) for the medium thermal inertia house, and 3.51 (10
th
 and 90
th
 
percentile of the COP are 3.12 and 3.89, respectively) for the heavy thermal inertia 
house. In the cases of medium and heavy houses, the MCHP with heat storage 
strategy presents performances which are comparable to those of the conventional 
VCHP system. However, the COP improvement of the MCHP is very limited for a 
heat storage temperature span above 2 K. In addition, it can be noted that medium 
and heavy thermal mass houses have very similar performances. The latter can be 
explained by the fact that the light-weight house cases have their UFH circuits 
embedded in a light-weight structure wooden floor, whereas it is a concrete screed 
UFH for medium and heavy-weight houses. The UFH loops enable an important 
thermal activation of the floor elements. Consequently, a concrete floor provides a 
much larger thermal storage potential than a wooden one. However, additional 
structural thermal mass such as concrete or brick walls and ceilings are not directly 
activated by the UFH. Therefore, its benefit in terms of MCHP operation 
improvement is limited. 
Because no building envelope insulation is perfect, accumulating thermal energy 
in the indoor environment by increasing the building’s internal temperature will 
necessarily lead to higher heat losses by transmission and ventilation. However, one 
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can see in Fig. 15 that the improvement of the heating system COP over-
compensates the envelope additional heat losses. This leads to a substantial decrease 
of the total energy use during the heating period of about 28% to 41%. In the cases 
of medium and heavy-weight houses, the total energy usage of the MCHP system 
with heat storage strategy is thereby similar to the conventional VCHP. 
Another constraint of TES in the indoor space by means of temperature set point 
modulation is the variability of the operative temperature. To avoid thermal 
discomfort, the indoor temperature should not change faster than 2.1 K/h [40]. This 
requirement is fulfilled in every case here. However, the increase of temperature set 
point to 24 °C in well-insulated south-oriented rooms with large windows could 
increase the risks of discomfort due to over-heating during sunny days. Fig. 16 
illustrates this indoor temperature variability with the calculation of the difference 
between the 5
th
 and 95
th
 percentile of all rooms operative temperature during the 
four-month heating test period. Naturally, the temperature variability increases with 
the heat storage temperature span and decreases with building thermal inertia. It can 
be noted for medium and heavy-weight structure houses, the temperature variability 
with heat storage strategy never exceeds the one of the simple controller reference 
case, even with the maximum heat storage temperature span of 4 K. 
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Fig. 12. Average fluid volumetric flow rates of the MCHP during the four-month 
heating test period. 
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Fig. 13. Full-load operation time share of the MCHP during the four-month heating 
test period. 
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Fig. 14. Box plot diagram of the heat pump COP as a function of heat storage 
temperature span and building thermal inertia (MCHP on the left, conventional 
vapour-compression heat pump on the right). 
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Fig. 15. Total heating use during the four-month heating test period (MCHP on the 
left, conventional vapour-compression heat pump on the right). 
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Fig. 16. Temperature variability (difference between 5
th
 and 95
th
 percentile of the 
house temperature) during the four-month heating test period (MCHP on the left, 
conventional vapour-compression heat pump on the right). 
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6. Conclusion 
This numerical study has tested the use of a heat storage strategy in order to 
improve the operation performance of a magnetocaloric heat pump integrated in a 
low-energy Danish residential building. This innovative heating system can be 
implemented in a single hydronic loop including a vertical borehole ground source 
heat exchanger and a radiant under-floor heating without intermediate heat 
exchanger or hot water storage tank. Because the magnetocaloric heating system 
presents an optimum coefficient of performance at maximum fluid flow rate 
(average COP of 3.93), it is beneficial to minimize its part-load operation time. In 
conventional heat pump configurations, the hot water storage tank allows a certain 
power generation flexibility which reduces the number of ON/OFF cycles and 
improves global performances. In the case of the magnetocaloric system, the 
building thermal inertia is employed to enable energy flexibility. Indoor temperature 
set point modulation is used to store heat in the built environment and thus 
maximize the full-load operation time. Heating needs are shifted in time and 
concentrated over longer periods where the magnetocaloric device can run at full 
capacity with highest COP. 
Both the building thermal inertia and the heat storage temperature span 
(difference between upper and lower limit for the temperature set point modulation 
controller) have positive impacts on the magnetocaloric system performance. A 
moderate heat storage temperature span of 0.5 K can increase the average COP by 
40%, 74% and 78% for light, medium and heavy structure houses, respectively. 
With a maximum temperature set point modulation of 4 K, the average COP reaches 
2.90, 3.48 and 3.51 for light, medium and heavy structure houses, respectively. 
These performances are comparable with conventional vapour-compression heat 
pump installations. Despite the increase of transmission and ventilation losses, the 
heat storage strategy decreased the total energy use by about 28% to 41% during the 
four-month heating test period. 
Conclusions can be drawn about the impact of the building thermal mass and heat 
storage temperature span on the magnetocaloric heat pump performance. The 
thermal mass of the concrete screed where the under-floor heating circuit is laid, 
brings great benefits compared to a light-weight wooden floor. This large thermal 
inertia is well thermally activated and offers good heat storage for higher average 
heat pump COP. However, additional thermal mass of walls and ceilings has only 
limited impact because these construction elements are not directly activated by the 
under-floor heating system. Concerning the temperature set point modulation 
controller, a temperature span above 2 K does not improve the heat pump operation 
much, whereas it significantly increases the temperature variability in the dwelling. 
This article has demonstrated the possibility of using heat storage in the indoor 
environment as an effective strategy to optimize the operation of the magnetocaloric 
heat pump. It can significantly improve the average COP of the entire heating 
system and reduce the energy usage, but, as a trade-off, decreases the building 
temperature stability, augmenting the risks of over-heating and thermal discomfort. 
Further research should be carried out on new control strategies and building 
integration possibilities for this innovative magnetocaloric device. The heat storage 
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in the indoor environment is built upon the relatively large range of human thermal 
comfort. However, the acceptability of the occupants regarding automated 
temperature set point modulation should be tested, especially for dwellings. The 
robustness of such a control strategy should also be further studied in the case of 
buildings with critical rooms which cool down much faster than the others. Finally, 
cascading configurations for the magnetocaloric heat pump could generate much 
larger temperature span between heat source and heat sink, allowing its use domestic 
hot water production. 
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Introduction 
In recent years, significant efforts have been made to decrease the energy consumption of our societies. In 
heating dominated climates such as in Denmark, in Germany or in the U.K, individual heat pumps have 
been found to be the most efficient heat supply for buildings detached from district heating network 
[1][2][3]. This flexible technology can also improve the integration of intermittent renewable energy 
sources (RES). Heat pumps thus became a key component for the energy development policy of many 
countries, leading to a substantial increase of the market demand [4]. It is therefore important to bring new 
and cost effective technical solutions. 
The “EnovHeat” project aims to develop an innovative magnetocaloric heat pump based on the active 
magnetic regenerator technology with a higher coefficient of performance (COP) than conventional vapour-
compression heat pumps. It should be able to provide for the indoor space heating needs of a recently built 
single family house in Denmark [5]. 
The main task of the work package conducted at Aalborg University is to investigate how to integrate a 
magnetocaloric heat pump into a residential building, and assess its performance and impact on the overall 
system [6]. The objective is to demonstrate the feasibility and the advantages of using such magnetocaloric 
device compared to conventional solutions and develop an efficient control strategy for it. 
A typical Danish single family house is used as case study. The magnetocaloric heat pump model has been 
developed within the MATLAB software environment. It must be tested in a versatile environment with the 
possibility for implementation of complex controller and small simulation time step resolution. A MATLAB - 
Simulink multi-zone model is therefore created for the dwelling with water-based under floor heating (UFH) 
system and two different types of ground source heat exchangers (GSHE): horizontal and vertical. 
Passive heat accumulation or thermal energy storage (TES) in the indoor space is an efficient way to 
modulate house heating power usage [7]. Flexible demand side management was found to improve the 
operation of a smart energy grid systems with a large share of intermittent RES [8]. This building energy 
flexibility potential can also be employed to optimize the operation of the magnetocaloric heat pump. For 
that reason, the building model is also used to assess the impact of additional indoor content thermal mass 
on the house energy flexibility capacity [9]. A simplified model of furniture / indoor content is implemented 
together with a phase change material (PCM) model based on finite volume method and enthalpy 
formulation. 
This report aims to present in details the numerical building model and each of its elements. In the second 
part, the results of different validation tests are presented to certify the reliability of the model and thus 
the results of numerical analyses using it. 
 
 
 
8 
 
1. Presentation of the Case Study Buildings 
1.1. EnovHeat Case Study Building 
The EnovHeat project aims to create a magnetocaloric heat pump which is able to provide 2 kW of heating 
power for a single family house with a temperature span of around 20 °C - 30 °C between the ground 
source and the heating emitter [5]. These objectives are only reachable for a well-insulated building. 
The “iLiving Project” single storey house is chosen to be the case study of the EnovHeat project. It is a 
typical newly built low energy single family house located in Løkken, Denmark. 
 
 
Figure 1: Location of the building case study in Denmark. 
 
This house has been designed according to the Danish building regulation “BR10” [10] with the goal of 
achieving very low energy consumption . It is equipped with a heat recovery ventilation system and has a 
radiant under floor heating system connected to a ground source heat pump. The details about the building 
case study parameters are presented in Table 1 - 3 and Figure 2 - 5. 
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Table 1: EnovHeat building parameters. 
Total ground floor area including walls [m²] 150 
Heated floor area [m²] 126 
Heated net volume [m³] 309 
Building envelope area including ground [m²] 545 
Number of occupants 4 
External walls U-value [W/m².K] 0,11 
Floor U-value [W/m².K] 0,071 
Roof U-value [W/m².K] 0,081 
Doors and windows U-value [W/m².K] 1 
Glazing transmittance [%] 0,63 
Infiltration rate [ℎ−1] 0,1 
Ventilation [m³/s] 0,103 
Air change rate (without infiltration) [ℎ−1] 1,2 
Ventilation heat recovery [%] 85 
Design heat loss [kW] 3,78 
Heating system max power [kW] 2,93 
Heating temperature set point [C] 22 
Heating energy need (SP = 20°C) [kWh/m².year] 16 
 
 
 
 
Figure 2: View of the EnovHeat house case study. 
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Figure 3: Plan view of the house case study. 
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Figure 4: Ventilation rate of each thermal zone. 
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Figure 5: Description of the construction elements. 
 
Table 2: Thermal properties of the construction materials. 
 
External 
Wood Panel 
Plasterboard 
Stone 
Wool 
Concrete 
EPS 
Insulation 
Sand (house 
underground) 
Brick 
Thermal Conductivity 
[W/m.K] 
0,12 0,2 0,033 2,1 0,03 0,68 
0,68 
Density [kg/m3] 500 900 45 2400 17 800 1840 
Heat Capacity [J/kg.K] 1800 1000 800 800 750 1600 800 
 
 
Table 3: Radiation surface properties of the building elements. 
 
Light Grey Painting 
(internal surfaces/floor) 
Wood (external surfaces) 
Grass 
(outdoor surrounding) 
Emissivity 0,9 0,9 0,9 
Solar Absorptance 0,4 0,55 0,8 
Reflectance 0,6 0,45 0,2 
Albedo 
  
0,25 
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One can see on Figure 6 - 7 that the EnovHeat house case study has a very efficient thermal envelope which 
lies between “class 2020” and “Passive House” level according to the Danish building regulation [10] [11]. 
 
 
Figure 6: Total yearly heating need of detached residential houses in Denmark (Indoor temperature set 
point = 20 °C). Results from the iLiving project are obtained from a BSim model of the house. 
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Figure 7: Yearly energy balance of the iLiving project house (Indoor temperature set point = 20 °C). Results 
are obtained from a BSim model of the house under Danish weather conditions. 
 
1.2. Energy Flexibility Case Study Buildings 
The EnovHeat case study building parameters are changed in order to generate different thermal mass and 
insulation level categories for further numerical investigations on the impact of thermal mass on the energy 
flexibility capacity of dwellings. 
The insulation layer of the roof, external walls and floor, the infiltration, the windows and HVAC systems’ 
performance are varied accordingly. The low insulation house category corresponds to the typical 
insulation level of a 1980’s house in Denmark. The high insulation house category corresponds to the 
typical insulation level of a Passive House or “Komforthus” in Denmark. The original design of the EnovHeat 
house has a medium effective thermal capacity. The materials of the internal and external surfaces of the 
walls, roofs and floors are changed in order to vary the total thermal inertia of the building. 3 different 
building structure thermal mass categories are generated [12] with 3 different case variations in each 
categories (9 different building structure thermal mass cases in total): 
 Light-weight structure house: 30 Wh/K.m², 40 Wh/K.m² and 45 Wh/K.m² 
 Medium-weight structure house: 50 Wh/K.m², 60 Wh/K.m² and 70 Wh/K.m² 
 Heavy-weight structure house: 90 Wh/K.m², 100 Wh/K.m² and 110 Wh/K.m². 
The details of the construction elements of each thermal mass category are presented in Figure 8. Details 
of the different building parameters of the house study cases are presented in Table 4. 
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Figure 8: Details of the construction elements for each thermal mass category. 
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Table 4: Building parameters. 
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1.3. Conventional Heat Pump System 
The reference heat generation system of the building case study is a conventional vapor-compression 
water-to-water heat pump with characteristics similar to the model TWM036 of ClimateMaster® [13]. 
When running at nominal fluid volumetric flow rate of 2052 L/h in both heat source and heat sink loops, 
this heat pump delivers 8.28 kW of heating power with a COP of 4.51. The heat pump is coupled with a 
ground source heat exchanger and a hydronic low-temperature radiant under-floor heating system (see 
Figure 9). The hot water storage tank has a capacity of 250 L (cylindric shape tank with radius of 29 cm and 
and height of 95 cm) with 5 cm of polyurethane insulation (heat losses to the ambient U-value of 1.356 
W/K). 
 
Figure 9: Schematic of the heating system implementation for the conventional heat pump. 
 
Hydraulic circulation pumps are placed on the different sections or loops of the water/brine-based heating 
system in order to carry the heat-transfer fluid from the ground heat source to the under-floor manifolds 
and the different loops in each room. 
To choose an appropriate hydraulic pump for that system, the pressure drop of the critical loop is 
calculated for the nominal mass flow and a water-brine with 20%vol ethylene glycol and 80%vol water. It is 
found that the critical loop on the side of the heat sink (under-floor heating) has a total pressure drop 
which is always below 15 kPa at nominal mass flow rate. It is therefore chosen to use an hydraulic 
circulation pumps Grundfos ALPHA2 L 15-40 [14]. These circulator pumps can operate with variable flow 
rate and constant pressure difference. It is therefore chosen to use the lowest constant pressure regulation 
(CP1) at 23 000 Pa. Similarly, the maximum pressure drop in ground source heat exchanger loop is always 
below 15 kPa at nominal mass flow. It is therefore also chosen to use an hydraulic circulation pumps 
Grundfos ALPHA2 L 15-40. The hot water storage tank circuit circulation pump is also a Grundfos ALPHA2 L 
15-40. 
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1.4. Magnetocaloric Heat Pump System 
The magnetocaloric heat pump is coupled with the ground source heat exchanger and the under floor 
heating system within a single hydronic loop without an intermediate heat exchanger or hot water storage 
tank (see Figure 10). 
 
 
Figure 10: Schematic of the heating system implementation for the magnetocaloric heat pump. 
 
The pressure drop in the packed bed sphere regenerator of the magnetocaloric heat pump is significantly 
higher than the pressure drop in the under floor heating loops or in the ground source heat exchanger loop. 
Consequenly, an hydraulic pump able to generate enough pressure difference is chosen to circulate the 
heat transfer fluid in the single hydronic loop. The circulation pump is a Grundfos CR 1-9 A-FGJ-A-E-HQQE – 
96478872 operating on the power curve P2 [15]. 
 
1.5. Under Floor Heating Systems 
Two different types of water-based under floor heating systems are implemented in the building study 
cases. Light structure buildings are equipped with a “type G” wooden floor embedded pipe under floor 
heating (See Figure 11). Medium and heavy structure buildings are equipped with a concrete screed 
embedded pipe under floor heating (See Figure 12). 
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Figure 11: Type G under floor heating system with pipe embedded in wooden floor. 
 
 
Figure 12: Concrete screed embedded pipe under floor heating (EnovHeat case study house). 
 
The design and sizing of the under-floor heating systems are performed according to manufacturer’s 
technical guidelines (Uponor) and international standards [16] [17] [18] [19] [20]. 
For concrete screed under floor heating system, the total thickness of the concrete layer is 100 mm. The 
center of the pipes network embedded in the concrete screed is 60 mm from the upper surface of the 
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concrete slab. The hydronic network is made of PE-Xa pipes with external diameter of 16 mm, internal 
diameter of 13 mm (wall thickness of 1.5 mm), thermal conductivity of 0.45 W/m.K, and inner surface pipe 
roughness (according to Prandtl and Colebrook) of 0.007 mm/m. The spacing in between the center of each 
pipe is of 200 mm for the houses of 1980’s and 300 mm for the passive houses. 
For the type G under floor heating system with pipe embedded in wooden floor, the total thickness of the 
wooden layer is 30 mm. The center of the pipes network embedded in the wooden floor is 12 mm from the 
upper surface of the wooden slab. The hydronic network is made of PE-Xa pipes with external diameter of 
16 mm, internal diameter of 13 mm (wall thickness of 1.5 mm), thermal conductivity of 0.45 W/m.K, and 
inner surface pipe roughness (according to Prandtl and Colebrook) of 0.007 mm/m. The spacing in between 
the center of each pipe is of 200 mm for the houses of 1980’s and 300 mm for the passive houses. The heat 
emission plates are made of aluminum. They are 1 mm thick with a thermal conductivity of 300 W/m.K. The 
gap between each plate is 5 mm. 
 
1.6. Ground Source Heat Exchangers 
The space heating needs of the case study buildings are provided by a water-to-water heat pump 
connected to a ground source heat exchanger (domestic hot water production is not in the scope of the 
study). Two types of ground source heat exchangers are therefore designed to insure enough heat supply 
to the building: a vertical borehole heat exchanger and a horizontal ground source heat exchanger. 
First of all, representative characteristics of the ground properties in Denmark are evaluated from 
numerous measurement campaigns gathered into publically available database [21] [22] [23] [24] [25]. The 
soil parameters chosen for the case study are the ones of a humid clayey sand (humid winter conditions in 
Denmark) with a thermal conductivity of 1.5 W/m.K, a density of 1900 kg/m³ and a specific heat capacity of 
1400 J/kg.K. The grouting material is chosen to be with a thermal conductivity of 1.4 W/m.K, a density of 
1500 kg/m³ and a specific heat capacity of 1670 J/kg.K. 
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Figure 13: Soil map of Denmak. 
 
The horizontal ground source heat exchanger is designed according to the VDI 4640 standard and the 
recommendations of manufacturers [26] [27] [28]. The hydronic network is made of PEX pipes with outer 
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diameter of 40 mm, wall thickness of 3.5 mm, inner diameter of 33 mm, thermal conductivity of 0.45 
W/m.K and Inner roughness (according to Prandtl-Colebrook) of 0.007 mm/m. They are placed at a depth 
of 1.5 m from the ground surface according to a serpentine layout (See Figure 14). The spacing in between 
each pipe’s leg is 1.5 m. The total length of the pipe collector is 194 m and it covers 291 m² of soil surface 
area. 
 
Figure 14: Serpentine layout of the horizontal ground source heat exchanger. 
 
The vertical borehole ground source heat exchanger is designed according to the VDI 4640 standard and 
the recommendations of manufacturers [26] [27] [28]. The hydronic loop is made of single double U-tube 
PEX pipe with outer diameter of 44 mm, wall thickness of 3.5 mm, inner diameter of 37 mm, thermal 
conductivity of 0.45 W/m.K and Inner roughness (according to Prandtl-Colebrook) of 0.007 mm/m. The 
borehole has a depth of 100 m (see Figure 15) with a diameter of 160 mm. The spacing between the 
centers of the two legs of the U-pipe is 80 mm (see Figure 16). The total length of the pipe collector is 200 
m. 
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Figure 15: Schematic of a vertical borehole ground source heat exchanger with U-pipe. 
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Figure 16: horizontal cross section of the vertical borehole heat exchanger. 
  
 
25 
 
1.7. Phase Change Material 
The thermal storage capacity of a building can be enhanced by the integration of phase change materials. 
Concerning passive latent heat storage in the indoor environment, studies found that the most efficient 
location for PCM is on the inner surfaces of the indoor space for a maximum thermal activation [29]. 
Consequently, some of the case study buildings are equipped with PCM panels fixed on the inner surfaces 
of the thermal zones: external walls, internal walls, ceiling and furniture surfaces. 
The PCM wallboards used in the study are similar to the Energain® [30]. This is a common commercial 
product made of 60%mass micro-encapsulated paraffin incorporated into 40%mass polyethylene matrix. 
 
Figure 17: Energain® PCM wallboards (DuPont). 
 
Experimental tests have been conducted at Aalborg University Laboratory in order to measure the thermal 
characteristics of this PCM. These characteristics are used in the numerical models of the study and 
presented hereafter. 
The melting and solidification temperatures of the PCM are 22 °C and 21.8 °C respectively. The latent heat 
of fusion for the pure paraffin is 200 kJ/kg. This is a very common value compared to other products used 
for ambient temperature applications [29]. Therefore the latent heat of fusion for the 60 %mass paraffin 
stable form PCM is 120 kJ/kg. 
The global thermal conductivity is assumed to follow the results found by Kuznik et al. in a previous study 
[31]. The PCM has a constant thermal conductivity of 0.22 W/m.K and 0.18 W/m.K below 16 °C and above 
28 °C, respectively. It is assumed that the thermal conductivity varies linearly from 0.22 to 0.18 W/m.K in 
between 16 °C and 28 °C. These results have been confirmed by Guarded Hot Plate Apparatus 
measurements on Energain® test samples with different thicknesses (see Figure 18). 
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Figure 18: Guarded Hot Plate thermal conductivity measurements. 
 
The specific heat capacity of the stable form PCM is 2000 J/kg.K. This value corresponds to the mass 
percentage content weighted sum of the specific heat capacity of paraffin and polyethylene. It fits very well 
with Differential Scanning Calorimetry (DSC) measurements of Energain® test samples above the melting 
temperature when no phase transition occurs (experimental tests performed at Aalborg University 
laboratory with temperature change of 2 K/min). One can see on Figure 19 that there is a noticeable 
difference between the measurements of Kuznik et al. and the ones of Aalborg University. This dissimilarity 
could be due to the variability of the Energain® manufacturing process. Moreover, one can notice that the 
increase of apparent heat capacity forms a rather wide dome instead of a sharp peak. It seems that the 
phase transition occurs marginally all along the 0 °C to 30 °C temperature interval. This might be due to the 
fact that the micro-encapsulated paraffin of the PCM product is composed of different grades of 
hydrocarbon chains with different individual melting temperature. However, the main phase transition is at 
22 °C. 
 
27 
 
 
Figure 19: Differential Scanning Calorimetry heat capacity measurements. 
 
The average density measured for the stable form PCM is 1000 kg/m³, which is close to the density of 
paraffin and polyethylene and in agreement with measurements of Kuznik et al. Moreover, the DSC test 
shows that the total heat storage capacity is 144 kJ/kg (temperature rising from 10 °C to 40 °C). This result 
is in very good agreement with the technical documentation provided by the manufacturer [30]. 
All parameters of the PCM used in the study are summarized in Table 5. 
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PCM model 
Measurements 
(current study) 
Energain® 
(data manufacturer) 
Kuznik et 
al. 
Paraffin mass content (%) 60 - 60 60 
Paraffin latent heat of fusion (kJ/kg) 200 - - - 
Melting temperature (°C)* 22 20 21,7 22 
Thermal conductivity (W/m.K)* 0.22 - 0,18 0.22 – 0.17 0.18 – 0.14 0,.22 – 0.18 
Density (kg/m³)* 1000 900 800 1019 
Specific heat capacity (J/kg.K)* 2000 2000 - - 
Latent heat of fusion (kJ/kg)* 120 - > 70 - 
Total heat storage for Δ𝜭 = 30 K (kJ/kg)* 180 170 140 200 
 
* For stable form PCM product: 60 %mass paraffin in polyethylene matrix 
 
Table 5: Phase change material thermal properties. 
 
1.8. Phase Change Material Wallboard 
The stable form PCM boards are implemented in the case study buildings as passive latent heat thermal 
energy storage (LHTES) systems. These systems have to be sized to the optimum thickness to maximize the 
additional thermal inertia with the minimum amount of PCM possible. The effective energy storage 
capacity is proportional to the PCM volume which melted and solidified during a complete TES cycle. If the 
material amount is overestimated, the time needed for the heat to penetrate the PCM layer could become 
larger than the charging period, and the melting process cannot be completed. 
The effective heat capacity optimization for normal material without phase transition is rather simple to 
perform. The daily effective heat capacity can be calcualted with the detailed matrix method described in 
the standard EN ISO 13786 [32] with a 24 hour period of variations. This method is straightforward, robust 
and easy to implement for multilayer materials. Dynamic boundary conditions are restricted to sinusoidal 
variations, which is a common way to model indoor and outdoor temperature change over time. 
As indicated by Ma and Wang [33], the change of effective thermal storage capacity of a normal material as 
function of its layer thickness presents a maximum. Increasing further the thickness of the material layer 
does not improve its effective thermal capacity and actually decreases it slightly. 
However, this methodology is based on the analytical solution of one-dimensional heat transfers through 
solids with constant thermal properties. Therefore it cannot be used for materials presenting phase 
transition. In order to assess the effective thermal inertia of elements including PCM, a numerical model 
(described later in this report) is used for the calculation of internal energy variations. A similar approach is 
used by Kuznik et al. [31] for the optimization of a PCM wallboard. The areal effective thermal inertia κ on 
one side of a plane element is its ability to store energy when temperature varies periodically [32]. It is 
equal to the maximum variation of internal energy ΔE (Joule) of a half element divided by the maximum 
boundary temperature change Δϴ (K) and the surface area A (m²): 
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𝜿 =
𝜟𝑬
𝜟𝜭 × 𝑨
 
 
Similarly to the matrix method, the temperature boundary conditions are changing as a 24 hour period 
sinusoidal function. After 10 cycles, the system reaches a periodic steady state and the effective heat 
capacity is calculated. This method has been compared to the detailed matrix one and presents very good 
agreement for normal materials: average deviation of 0.09% for concrete wall modeled with 100 control 
volumes (see Figure 20). 
The Figure 20 shows the evolution of the effective heat capacity of an internal wall element made of 
mineral wool and covered by a PCM layer with variable thickness. These results are coherent with the 
investigations of Kuznik et al. [31]. However no clear maximum effective thermal capacitance can be 
observed. The amplitude of boundary temperature variation does not influence the areal effective thermal 
inertia of material with constant thermal properties. However, one can see that it induces noticeable 
deviations of 4% in average for the PCM elements. Larger temperature swing increases non-linearly the 
maximum amount of melted PCM and stored energy because of latent heat and temperature dependent 
thermal conductivity. Nevertheless, the optimum PCM thickness with maximum heat capacity remains the 
about same. 
The thickness of the PCM layer for the wallboard of the study case is chosen to be 1.5 cm. This value seems 
to be a reasonable choice to insure a maximum thermal heat capacity for daily temperature variations and 
it is in agreement with the results of Kuznik et al. 
 
Figure 20: Phase change material effective thermal capacity in function of layer thickness. 
 
30 
 
The PCM wallboards are attached to the inner surface of the building’s thermal zones: external walls, 
internal walls and ceiling. The average amount of PCM in the building is therefore about 40 kg/m² of floor 
surface area. 
 
1.9. Additional Indoor Thermal Mass / Furniture 
One of the aims of this study is to assess the influence of additional thermal mass in the indoor 
environment such as internal thermal mass or furniture. This additional indoor thermal mass is here 
considered to be representative of a house with a significant amount of items inside. The total mass of 
indoor thermal mass / furniture in the case study building is 60 kg/m² of floor surface area [29]. 
 
1.8. Phase Change Material Integrated into Furniture Elements 
Another additional indoor thermal mass to be tested is the integration of PCM into furniture elements. The 
same PCM element used as wallboard is here placed on one surface of the furnishing directly exposed to 
the indoor space. The thickness of the PCM elements is also 1.5 cm. 
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2. Presentation of the Building Model 
Similarly to the HAM-tools [34], the MATLAB - Simulink building model used in this study is based on an 
one-dimensional explicit finite volume method (FVM) formulation with a limited number of control 
volumes (also known as Resistance-Capacitance network or RC thermal network. The water-based under-
floor heating system and the horizontal ground source heat exchanger are modeled with a MATLAB 
function. They couple a dynamic fluid “plug flow” model in a pipe with a ε-NTU method which accounts for 
the equivalent interaction thermal resistance in the layer of the slab where the heat exchanger is laid. The 
vertical borehole heat exchanger is modeled with a MATLAB function coupling two fluid plug flow pipes in a 
Resistance-Capacitance network. Both ground sources are integrated in a Simulink state space block 
function representing the soil surrounding the collector as a 1-D finite domain. The fluid of the hydronic 
systems can be chosen among 5 different brines. All flow regimes are taken into account for the calculation 
of the convective heat transfer and the pressure loss. Concerning additional indoor thermal mass, the 
furniture elements are modeled as an equivalent planar element. A PCM enthalpy model accounts for the 
LHTES system. The following section presents in details each part of the building model used in the study. 
 
2.1. Construction Elements 
The basic blocks of this building model are simulating the heat transfer through the construction elements: 
external walls, internal walls, internal ceiling, external roof, floor and ground. The building envelope and 
internal partitions are subdivided into a collection of planar elements. The thickness of these planar 
elements is considered very small in comparison to their length and width. Therefore it is possible to 
assume that all heat transfers occur in only one direction normal to the main plan surface of the element 
(See Figure 21). 
 
 
Figure 21: One-directional heat transfer through planar construction element. 
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Each construction element is then subdivided into finite control volumes (See Figure 22). It is assumed that 
within each time step, the temperature of each control volume is constant and homogeneous. Therefore 
the heat transfers are calculated based on the temperature in the center node of each control volume. 
 
 
Figure 22: Space discretization of the planar construction element domain. 
 
The heat transfers are calculated by solving the heat equation in each thermal node with an explicit finite 
volume formulation or Resistance-Capacitance network (See Figure 23). 
 
 
Figure 23: Explicit finite volume formulation (RC network) of the heat equation with Simulink. 
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The Simulink formulation for each thermal node is coupled together in order to solve the heat transfer of 
the whole construction element (See Figure 24 -25). 
 
 
Figure 24: Implementation of a RC network into a Simulink explicit finite volume formulation. 
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Figure 25: Finite volume formulation of an external wall element. 
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External walls, internal walls, ceiling and roof elements are subdivided into 5 thermal nodes: 1 node on the 
left hand side and 1 node on the right hand side for the external panels (plaster, wood, brick, concrete). 3 
nodes in the middle of the domain for the insulation layer (stone wool). Floor elements are subdivided into 
9 nodes. They include the soil layer under the house and the layers of the water-based under floor heating 
system. 
Because the heat equation is solved in this model with an explicit formulation, the time step size of the 
simulation has to be chosen with great care so that there is no numerical instability. Therefore the time 
step size is chosen to be 60 seconds. This time step size is small enough to respect the stability criteria for 
every thermal node in the model: 
 
∆𝒕 ≤
𝟏
𝟐
×
𝝆 ∙ 𝑪𝒑 ∙ ∆𝒙²
𝝀
 
Where Δt is the time step size and Δx, 𝜆, ρ, and Cp are the thickness, the thermal conductivity, the density 
and the specific heat capacity of a finite control volume, respectively. 
For the construction elements of the envelope, the long wave radiation to the sky and to the surrounding 
are calculated according to the tilt angle of the surface, the surface emissivity, the sky temperature, the 
surrounding temperature, the outdoor air temperature, cloud cover, atmospheric pressure, outdoor 
relative humidity and the position of the sun in the sky. The difuse and direct short wave solar radiation 
reaching the external surfaces are directly extracted from a BSim reference model of the study case 
building. 
For the nodes of the construction elements facing the indoor environment, the short wave radiations of the 
solar loads and the radiative part of the other internal gains are taken into account. The Surface nodes of 
each construction element is connected to the outdoor air node or to the appropriate thermal zone air 
node within a star network configuration with constant mixed convection/radiation surface thermal 
resistance coefficients (See Table 6 and Figure 26) [35]. 
 
Table 6: Mixed convection / radiation surface thermal resistance coefficient [35]. 
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Figure 26: Coupling of thermal nodes in start network. 
 
2.2. Windows, Thermal Bridges, Ventilation and Infiltration Losses 
Heat losses through windows, thermal bridges, ventilation and air infiltration are modeled in a simple way. 
A constant U-value is used for windows and thermal bridges heat losses. It is assumed that there is no 
thermal mass in these elements. 
Heat losses due to air infiltrations are also treated in a simple way with the following formula: 
𝑸𝒊𝒏𝒇𝒊𝒍𝒕𝒓 𝒂𝒊𝒓 = ?̇?𝒊𝒏𝒇𝒊𝒍𝒕𝒓 𝒓𝒂𝒕𝒆 × 𝝆𝒂𝒊𝒓 × 𝑪𝒑 𝒂𝒊𝒓 × (𝜽𝒐𝒖𝒕𝒅𝒐𝒐𝒓 − 𝜽𝒊𝒏𝒅𝒐𝒐𝒓) 
 
Ventilation heat losses are calculated with the same formula but taking into account the heat recovery (if 
any): 
𝑸𝒗𝒆𝒏𝒕𝒊𝒍𝒂𝒕𝒊𝒐𝒏 = ?̇?𝒗𝒆𝒏𝒕𝒊𝒍𝒂𝒕𝒊𝒐𝒏 × 𝝆𝒂𝒊𝒓 × 𝑪𝒑 𝒂𝒊𝒓 × (𝜽𝒊𝒏𝒍𝒆𝒕 − 𝜽𝒊𝒏𝒅𝒐𝒐𝒓) 
with 
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𝜽𝒊𝒏𝒍𝒆𝒕 =  𝜼𝒉𝒆𝒂𝒕 𝒓𝒆𝒄𝒐𝒗 × (𝜽𝒆𝒙𝒉𝒂𝒖𝒔𝒕 − 𝜽𝒐𝒖𝒕𝒅𝒐𝒐𝒓) 
 
The inlet air temperature from the heat recovery ventilation unit is limited to 24 °C. Above that 
temperature, the heat recovery is turned off. Natural ventilation during summer period is simulated by 
increasing the ventilation rate without any heat recovery process. 
 
2.3. Zone Air Node 
All the element blocks of the different building systems are connected together to the air node of the 
thermal zone. One can see on the Figure 27 that the thermal zone air node heat balance is made with the 
heat fluxes coming from the different elements interacting with it: building elements, solar gains, internal 
gains, convective heating system, ventilation, infiltration, windows and thermal bridges. 
 
 
Figure 27: Thermal zone model – all element blocks connected to the air node of the zone. 
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The air temperature and the temperature of all thermal zone surface elements are taken into account for 
the calculation of the operative temperature. The latter is then used as process variable for the controller 
of the heating system. 
 
2.4. Multi-Zone Building Model 
The different thermal zones of the building model are connected together to form the multi-zone model of 
the building (See Figure 28). The temperature in the middle of a internal partition walls is used as boundary 
condition for the wall element adjacent to the thermal zone. 
 
 
 
Figure 28: Overview of the multi-zone building model. 
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2.5. Weather Data 
The weather data is taken from the national Danish Reference Year (DRY 2013) based on weather station 
measurements from 2001 to 2010 and updated in 2013 by the Danish Building Research Institute (SBi). 
These data has been selected to be used for energy performance calculations and building simulations in 
Denmark [36]. 
The parameters included in the dataset are temperature, relative humidity, wind speed and direction, 
atmospheric pressure, global radiation, cloud cover, soil temperature, sea temperature, diffuse irradiance 
and illuminance. The time resolution is hourly except for soil temperature where the resolution is daily 
values. 
 
 
 
 
Figure 29: Outdoor air and ground temperature for the reference year in Denmark (DRY 2013). 
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Figure 30: Global outdoor sun radiation for the reference year in Denmark (DRY 2013). 
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2.6. Solar Gains and Internal Gains 
Internal thermal gains (excluding the heating system’s load) originate from the heat released by the 
occupants during occupying time and the heat released from the house equipment such as computers, 
lightning, oven, TV, etc. A standard person has heating power of around 100 W and generates 0,06 kg of 
moisture and 17 L of CO2 per hour. 
The equipment and people load schedules are based on typical Danish equipment use and people schedule 
for a residential house [37]. The overall internal gains time profile of the house is presented in Table 7 and 
Figure 31. Each type of room (living room, bedroom, bathroom) has a specific people/equipment loads 
weekly schedule accounting for realistic average internal loads to these rooms. 
 
 
4 People  Schedule 
 
          
Time \ 
Day Monday Tuesday Wednesday Thursday Friday Saturday Sunday 
1 4 4 4 4 4 4 4 
2 4 4 4 4 4 4 4 
3 4 4 4 4 4 4 4 
4 4 4 4 4 4 4 4 
5 4 4 4 4 4 4 4 
6 4 4 4 4 4 4 4 
7 2 2 2 2 2 4 4 
8 2 2 2 2 2 4 4 
9 0 0 0 0 0 2 2 
10 0 0 0 0 0 2 2 
11 0 0 0 0 0 2 2 
12 0 0 0 0 0 2 2 
13 0 0 0 0 0 2 2 
14 0 0 0 0 0 2 2 
15 0 0 0 0 2 2 2 
16 0 0 0 0 2 2 2 
17 2 2 2 2 4 4 4 
18 4 4 4 4 4 4 4 
19 4 4 4 4 4 4 4 
20 4 4 4 4 4 4 4 
21 4 4 4 4 4 4 4 
22 4 4 4 4 4 4 4 
23 4 4 4 4 4 4 4 
24 4 4 4 4 4 4 4 
 
Table 7: Schedule of the people load for a typical single family house in Denmark. 
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Figure 31: Time profile of the internal gains of a typical single family house in Denmark. 
 
The internal solar gains (the direct, diffuse and reflected solar radiation entering the indoor environment 
and not leaving it) are directly extracted from the BSim reference model of the study case building for each 
thermal zone and for each hour of the year. 
The distribution of the equipment, people and radiator heat load is as follow: 70% goes directly to the air 
node of the thermal zone; 30% goes to the internal surfaces of the thermal zone (long wave radiation 
share). The radiative share is equally distributed over all surfaces in function of their surface area weighing 
[35]. 
The distribution of the internal solar gain is as follow: 15% goes directly to the air node of the thermal zone; 
55% goes to the floor; 30% goes to the vertical walls of the thermal zone and is equally distributed over 
these surfaces in function of their surface area weighing; no solar radiation goes to the ceiling [35]. 
In the case of additional indoor thermal mass / furniture in the indoor space, 50% of the radiative share of 
the equipment, people, solar and radiator heating loads is distributed on the surfaces of the equivalent 
planar element modeling the furniture. 
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2.7. Radiator Heating System 
Two types of heating emitters are investigated in this study: radiator and water-based under floor heating 
system. 
The radiator heating system is modeled in a simple way with a first order transfer function which has a time 
constant of 10 minutes [38]. The radiator is regulated with a PI controller. 30% of its heat output is 
transferred to the indoor environment by radiation and 70% by convection. 
 
2.8. Hydronic Under-Floor Heating Systems 
In most building energy software tools, the conductive heat transfer through the building construction is 
evaluated assuming a one-dimensional heat flow and homogenous surface temperature. For a hydronic 
radiant floor terminal, the correct modeling of the conductive flow is more difficult due to the three-
dimensional heat transfers at the pipe level. The conductive flow at the activated surface (embedded pipe 
level) is mainly influenced by the type of pipe (diameter, wall thickness and material), the pipe spacing, the 
water flow (water velocity) and the resistance of the conducting layers. Different calculation methods have 
been developed to model the conductive flow from the pipe level to the surface with the objective of either 
calculating the heating/cooling capacity of the radiant systems or of simulating their dynamic behavior in 
building energy software tools: 
 
 Glück B [39] [40] has developed an analytical solution of the thermal field due to the presence of 
pipes embedded in an infinitely long slab under steady-state conditions. However the consequent 
analytical solution is very complex, needs a significant computer calculation time to be obtained, 
does not take into account the different material layers (pipe, insulation, concrete screed) and 
therefore cannot be widely applied. 
 
 Most of the models are based on a one-dimensional Resistance - Capacitance network, similar to 
the technique described in the standard EN 15377-1 [17]. The principle of this calculation method is 
to determine an equivalent resistance between the heating or cooling medium to the fictive core 
(or heat conduction layer) where the pipes are located. The variation of fluid temperature along the 
circuit is modeled considering the pipe circuit as a heat exchanger. The three-dimensional domain 
collapses into a simpler 1D problem and the efficiency of such heat exchanger is computed via the 
ε-NTU (effectiveness-Number of Transfer Units) method. Koschenz and Lehmann [41] [42] have 
developed the calculation procedure for TABS and this model has been extended for other systems 
by De Carli, Koschenz, Olesen and Scarpa in the standard EN 15377-1. Scarpa et al. [43] developed 
and validated the RC model for different geometries of radiant systems. It has to be noted that the 
accuracy of these RC models is greatly affected by the determination the thermal properties of the 
different RC components. 
 
 Other methods have been developed such as the conduction transfer function method from Strand 
and Pedersen [44], the response factors technique from De Carli et al. or the universal single power 
function of the standard EN 1264-2 [16]. More detailed models, which are evaluating the 
conductive heat transfer based on two-dimensional calculations (FEM, FVM), are also available. 
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The modeling of the hydronic components in this study is based on the ε-NTU method developed by Scarpa 
et al. [43] to represent the complex interaction between the embedded pipes and the conductive slab, and 
a “plug-flow” principle model, similar to the Type 31 model from TRNSYS 17 software [45], in order to 
account for dynamics of the fluid pushed into the pipes. 
For high fluid flow in hydronic system, the time needed for a fluid cell to go through the whole pipe’s length 
is smaller than the time step size of the model. In that case, it is assumed that the fluid subsystem in the 
pipe reaches a pseudo-steady state within the time step. Therefore the calculation of the fluid temperature 
profile is performed according to the ε-NTU method. 
On the other hand, for low fluid flow, a fluid cell can take several simulation time steps before reaching the 
outlet of the hydronic loop. In that case, the calculation of the fluid temperature profile is performed 
according to the “plug flow” principle [45]. As shown on Figure 32, at each time step, one fluid cell is added 
at the beginning of the pipe (queuing in). The new fluid control volume “Ti” pushes all the other control 
volumes towards the exit of the pipe without any mixing in between adjacent cells (plug flow principle). 
Heat transfer in between adjacent cells could be considered if there would be some correlation of mixing 
and heat transfer in between these cells for a pipe, but this is not the case here. This no-mixing assumption 
is reasonable if the fluid is circulating with a fairly high velocity and if the temperature difference in 
between each cell is not too important. 
 
Figure 32: Plug flow principle. 
 
The outlet temperature is calculated as volume weighted average temperature of the fluid cells exiting the 
hydronic system. If the pipe is very long and the flow is very small, a lot of small fluid cells will get stacked 
into the model queue. To avoid memory issues, the maximum number or fluid cells in the systems is limited 
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to 100. When the maximum number of fluid cells is reached, the 2 neighboring cells with the smallest 
temperature difference are merged together and assigned an appropriate new average temperature. The 
heat exchanger between the fictitious pipe level slab and each fluid cell is performed according to the ε-
NTU method. 
The water temperature change along the pipe is considered following an exponential decay function. The 
logarithmic mean fluid temperature along the pipe circuit may be assumed as a reference for the 
estimation of the heat exchange between the fluid and the inner surface of the pipe. The temperature of 
the pipe is assumed constant with respect of its length. The ε-NTU calculation is performed with the 
effectiveness of the equivalent heat exchanger formed by the embedded pipe in the conductive slab of the 
under-floor heating system. This effectiveness is determined by the thermal resistance of the fluid in the 
pipe, the thermal resistance of the pipe itself, the thermal resistance of the different layers of the slab and 
an equivalent thermal resistance. The latter accounts for the complex three-dimensional interactions 
between the different sections of the serpentine pipe layout network with the rest of the conductive slab 
where it is positioned [43] (See Figure 33). 
 
Figure 33: Schematic of the equivalent RC network of the hydronic floor heating system. 
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The convective thermal resistance of the fluid in the pipe is calculated precisely, taking into account the 
nature and concentration of the brine additive product, its temperature, density, thermal conductivity, 
specific heat capacity, dynamic viscosity and Reynolds number. 
The whole hydronic system model is implemented as a MATLAB function nested into a Simulink block 
function. 
The study case buildings include two types of under floor heating system. The type A concrete screed floor 
heating is modeled as a concrete slab subdivided in 3 layers: upper concrete layer, pipe level layer and 
bottom concrete layer. The interaction thermal resistance of the pipe level layer is calculated according to 
the method detailed by Scarpa et al. [43]. Similarly, the type G wooden floor heating system is also 
subdivided in 3 wood layers. The interaction thermal resistance between the carrier fluid, the emission 
plates and the pipe level layer is calculated according to the method detailed in the standard EN 15377 
Annex C (see Figure 34) [17]. 
 
Figure 34: RC network of a type G wooden floor heating system [17]. 
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2.9. Horizontal Ground Source Heat Exchanger 
Horizontal ground source heat exchangers are buried at depths ranging between 0.8 and 2 m and their 
performances are also influenced by weather conditions at the soil surface (See Figure 35). 
 
 
Figure 35: Ground temperature in Denmark. 
 
Similarly to the under-floor heating system, the horizontal ground source heat exchanged is modeled with 
the plug flow / ε-NTU method function. The ground domain is modeled with a state-space function (See 
Figure 36) which represents a soil cube of 12 x 25 m with a depth of 30 m. The bottom boundary conditions 
of the ground domain are set as constant temperature of 9.4 °C. The boundary conditions of the top 
surface of the ground domain are determined by the weather data: outdoor air temperature, wind speed 
and global solar radiations. The temperature boundary conditions on the sides of the domain are following 
the temperature time variation of the undisturbed ground temperature in Denmark. 
 
 
48 
 
 
Figure 36: State space representation of the ground domain. 
 
The soil domain reduced into a one-dimensional heat transfer system. It is discretized into ground 29 slices 
of 10 cm (on the top half), 27 slices of 1 m (on the bottom half) and slice of 20 cm for the fictitious pipe 
level. 
 
2.10. Vertical Borehole Ground Source Heat Exchanger 
The vertical borehole ground source heat exchanger is modeled with two plug flow / ε-NTU method 
MATLAB functions coupled together. The inlet section of the U-pipe is modeled with the first function and 
the outlet section of the U-pipe is modeled with the second function. The two pipe models are connected 
to the surrounding ground represented by a state-space model function with concentric cylindrical slices of 
ground. The ground slice subsystems are 100 m deep and 10 cm or 1 m thick. The ground domain is 
therefore discretized into 16 volumes accounting for the ground which is 10 m apart from the center of the 
GSHE. 
The complex thermal interaction between the U-pipe of the heat exchanger, the grout and the ground is 
modeled with a triangular thermal network (RC network) (See Figure 37). This thermal network modeling is 
presented in details in a journal paper of Diersch et al. [46]. 
The initial temperature conditions for the ground domain are set as the yearly average temperature profile 
of an undisturbed soil in Denmark (See Figure 38). The bottom boundary conditions of the ground domain 
are set as constant temperature of 10.1 °C, while the boundary conditions of the top surface of the ground 
domain are determined by the weather data: outdoor air temperature, wind speed and global solar 
radiations. 
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Figure 37: RC network modeling the heat transfer between the U-pipe, the grout and the surrounding 
ground domain [46]. 
 
 
Figure 38: Yearly temperature profile of undisturbed soil in Denmark. 
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2.11. Water-Based Brines of the Hydronic Networks 
In order to calculate precisely the heat transfer between the brine carrier fluid and the heat exchanger, all 
physical and thermal properties of 5 fluids have been modeled with polynomial correlations based on 
manufacturer’s database. Density, thermal conductivity, specific heat capacity and dynamic viscosity are 
calculated in function of fluid temperature and brine product concentration for pure water, propylene 
glycol, ethylene glycol, ethanol or methanol. These 5 products are the most commonly used brine fluids in 
hydronic systems. One can see on Figure 39 – 44 some of the polynomial correlations established from 
tabulated data of manufacturers and textbooks [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] 
[60] [61] [62] [63] [64] [65]. 
 
 
 
Figure 39: Water-based brine freezing temperature in function of product concentration. 
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Figure 40: Ordinary water density in function of temperature. 
 
 
 
Figure 41: Propylene glycol density in function of temperature and concentration. 
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Figure 42: Ethylene glycol thermal conductivity in function of temperature and concentration. 
 
 
 
Figure 43: Ethanol specific heat capacity in function of temperature and concentration. 
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Figure 44: Methanol dynamic viscosity in function of temperature and concentration. 
 
The Prandtl number, the Reynolds number, the Darcy friction factor (see Figure 44) and the Nusselt number 
are then derived from the thermo-physical properties of the brine. 
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Figure 48: Darcy friction factor (correlation Churchill 1977). 
 
Finally, the convective heat transfer coefficient and the convective thermal resistance are calculated for the 
circular pipe (See Figure 46 – 47). 
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Figure 46: Convective heat transfer coefficient in circular pipe (Di = 13 mm, e = 0.0015 mm, L = 100 m). 
 
 
Figure 47: Floor heating heat exchanger thermal resistance (Di = 13 mm, e = 0.0015 mm, L = 100 m). 
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2.12 Pressure Loss in the Hydronic Systems 
In order to evaluate the energy consumption of the entire system, the pumping workloads are assessed by 
calculating the total pressure drop of the whole hydronic system. The latter is obtained by adding the 
pressure drop across the piping loops, the manifold, the valves, the mixer the supply and return pipes. The 
system is a closed loop, therefore the inlet and the outlet are at the same altitude and so there is no 
pressure loss due to inlet and outlet height difference. 
The pressure drop in straight pipes caused by fluid friction in fully developed flows of all “well-behaved” 
(Newtonian) fluids is described by the Darcy-Weisbach equation: 
∆𝒑 = 𝒇
𝑳𝝆𝒗𝟐
𝟐𝑫
 
Valves and fittings cause singular pressure losses that can be greater than those caused by the pipe alone. 
They are expressed as: 
∆𝒑𝒊 = 𝑲𝒊
𝝆𝒗𝟐
𝟐
 
5 different methods have been implemented to calculate the singular pressure drop of hydronic elements: 
 Equivalent length method 
 Excess head 1K method 
 2K method 
 3K method 
 Babcock and Wilcox Co., 1978 
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2.13. Heat Pump System 
The conventional water-to-water vapor-compressor heat pump system is modeled in a simple way with a 
collection of steady states implemented in a 4-dimensional lookup table function. The important 
hypothesis here (and therefore limitation of the model) is that it is assumed that the heat pump operation 
reaches quasi-steady state within each simulation time step of 60 sec. The data implemented in the lookup 
table function is obtained from documentation of the model TWM036 heat pump manufacturer [13]. 
 
 
 
Figure 48: Heat pump COP in function of temperature difference between evaporator inlet and condenser 
outlet at steady state. 
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2.14. Circulation Pump for Water-Based Heating System 
The modeling of the circulation pump Grundfos Alpha2 L 15-40 is made in a simple way with a second 
degree polynomial function fitting operation data provided by Grundfos manufacturer [14] (see Figure 49 - 
50). The hydraulic circulation pumps are all set to constant pressure regulation (CP1) at 23 000 Pa. 
 
 
Figure 49: Performance curves of the pump circulator Grundfos Alpha2 L 15-40. 
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Figure 50: Empirical model of the pump circulator Grundfos Alpha2 L 15-40. 
 
Similarly, the modeling of the circulation pump Grundfos CR 1-9 A-FGJ-A-E-HQQE – 96478872 is made with 
a second degree polynomial function fitting operation data provided by Grundfos manufacturer [15] (see 
Figure 51 - 52). The hydraulic circulation pumps is set to operate according to the power curve P2. 
 
Figure 51: Performance curves of the pump circulator Grundfos CR 1-9 A-FGJ-A-E-HQQE – 96478872. 
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Figure 52: Empirical model of the pump circulator Grundfos CR 1-9 A-FGJ-A-E-HQQE – 96478872. 
 
2.15. Hot Water Storage Tank 
The 250 L stratified hot water storage tank has a cylindrical shape: radius of 29 cm and height of 95 cm. 
There is 5 cm of polyurethane insulation around the water tank (heat losses to the ambient are 1.356 W/K). 
The water tank model is a simplified version of that presented by Angrisani et al. [66]. Heat losses to the 
ambient are modelled with a constant heat transfer coefficient between the ambient indoor environment 
and the internal wall surface of the water tank. The convective and conductive heat transfer between brine 
circulating in cold and hot helical coil heat exchangers (heat pump condenser) and the water inside the 
buffer tank are calculated according to the fluid temperature and composition. 
 
61 
 
 
Figure 53: Hot water storage tank model. 
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2.15. Phase Change Material Wallboard 
Many PCM numerical models are using an apparent heat capacity (Cp curve) formulation to take into 
account the latent heat of the phase transition. This variable Cp as function of temperature can be obtained 
from experimental tests such as differential scanning calorimetry (DSC) or T-history method. However, the 
apparent heat capacity modeling does not really represent the physics of the latent heat phase transition 
but only its apparent behavior. The shape of the Cp curve can change depending on the method used in the 
measurement. The size of the sample and the speed of temperature change rate are especially very 
sensitive parameters. 
The PCM model of this study is based on an enthalpy formulation which really takes into account the phase 
transition process at constant temperature. The stable form PCM is considered to be a homogenous 
material set in thin layers so that the heat transfer can be reduced as a one-dimensional problem. The 
enthalpy formulation for the latent heat of the phase transition is coupled to a 1D implicit finite volume 
formulation to calculate the heat transfer between the PCM layers and change of internal energy. The 
implicit finite volume formulation is more complex to implement but has the great advantage of being 
unconditionally stable even with a very fine space discretization and large time step. 
The density, specific heat capacity (not taking into account the latent heat) and thermal conductivity of 
each PCM control volume is calculated in function of its temperature based on the temperature-dependent 
characteristics of the PCM compounds: liquid PCM phase, solid PCM phase and non-PCM surrounding 
matrix. Therefore the characteristics of each compound, their proportions or the latent heat of the PCM 
can be changed independently and correctly taken into account in the model. 
During the simulation, the PCM model calculates the heat transfers as follow: The thermo-physical 
properties of each PCM control volume are calculated according to the current local temperature. These 
properties are used to build the “stiffness matrix” for the implicit finite volume formulation. Solving the 
heat equation for each control volume gives the heat transfer in between each PCM layer. It is therefore 
possible to know what is the change of internal energy or enthalpy of each control volume. 
For each PCM control volume, an enthalpy / temperature curve is built (see Figure 54). This function is 
inverted in order to find the new temperature at the next time step from the change of enthalpy and taking 
into account the phase transition at constant temperature. If the new temperature does not reach 
transition temperature, then the calculation is the same as a normal implicit FVM calculation. 
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Figure 54: Enthalpy / temperature function. 
 
The new temperature is then used in the next time step to re-calculate the thermo-physical material 
properties and the heat transfers [67] [68]. 
It is assumed that the PCM is pure and has only one specific melting temperature and one specific 
solidification temperature. These temperatures can be different to take into account hysteresis phenomena 
(see Figure 55). However, it not possible to simulate a PCM made of a mix of compounds which have 
different transition temperatures. 
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Figure 55: Heating / cooling PCM model test with hysteresis. 
 
The PCM wallboard elements of the study are discretized in control volumes which are 1 mm thick. 
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2.15. Furniture / Indoor Content 
The additional indoor thermal mass / furniture is modeled as an equivalent fictitious planar element which 
aggregates all indoor items into an homogenous representative material. The representative thermo-
physical properties of this equivalent planar element are chosen according to a previous study about the 
indoor content of dwellings in Denmark [29] (see Table 8). The 60 kg/m² of additional indoor content are 
gathered in an equivalent slab which is 4.7 cm thick. The surface area of one side of the element is equal to 
1.8 times the surface area of the floor in the thermal zone. The equivalent planar element does not have 
any real geometrical representation or position in the room. It is therefore assumed that 50% of the 
radiative share of the equipment, people, solar and radiator heating loads are distributed on its surfaces. 
The element is coupled to the rest of the thermal zone in the same way as if it was an internal wall only 
connected to the air node. The mixed convection/radiation surface thermal resistance coefficient t is 
constant and equal to 0.13 m².K/W. 
 
 
  
Equivalent planar element  
Thickness [mm] 47 
Density [kg/m³] 715 
Thermal conductivity [W/m.K] 0,3 
Specific heat capacity [J/kg.K] 1400 
Space discretization [nodes] 20 
 
Table 8: Equivalent indoor thermal mass / furniture properties. 
 
In the case of PCM integrated on furniture elements, the two models for indoor thermal mass / furniture 
and for PCM are combined together. A 1.5 cm thick layer of stable form PCM is added on the upper part of 
the equivalent planar element. 
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3. Validation of the Building Model 
This section presents different validation tests performed to demonstrate the usefulness of the models 
presented before. 
 
3.1. Validation of the Construction Element with BSim Software 
The first step for validating a building model is to make sure that the basic construction element blocks are 
calculating the heat transfer properly. One can see on Figure 56, the validation test in steady state of a 
MATLAB Simulink block modeling an external wall for the building model of the study. The 5 temperatures 
of the 5 thermal nodes fit perfectly with the analytical solution. Average absolute error of the model is 
0.0015 °C. 
 
 
Figure 56: Steady state temperature profile of external test wall. 
 
The construction element block for wall elements is then tested with dynamic boundary conditions 
(weather data DRY 2013) including varying outdoor temperature, solar radiation, wind, long-wave 
radiations to the sky and constant indoor air temperature and internal radiation loads. The temperatures of 
the different thermal nodes in de MATLAB – Simulink model are compared with the temperature of a BSim 
reference model. BSim software is a well-known and validated building energy software. One can see on 
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Figure 57 – 59, that the temperatures of the MATLAB –Simulink model fit very well the ones of the BSim 
reference model for dynamic boundary conditions. 
 
Figure 57: Wall external surface temperature BSim reference model vs MATLAB-Simulink model. 
 
Figure 58: Wall internal surface temperature BSim reference model vs MATLAB-Simulink model. 
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Figure 59: Wall insulation layer temperature BSim reference model vs MATLAB-Simulink model. 
 
The average absolute temperature difference between the MATLAB-Simulink model and the BSim 
reference model is 0.3 °C. 
 
3.2. Validation of the Multi-Zone Model with BSim Software 
The full multi-zone MATLAB-Simulink building model is then tested against the BSim reference model of the 
same building for the same weather data and building parameters. The building type tested here is a well-
insulated house (Passive House) with medium structural thermal mass and radiator heating system. 
One can see on Figure 60 – 62 that the building temperatures and heating power needs of the MATLAB-
Simulink model fit very well with the ones of the BSim reference model. The average absolute building 
temperature difference between the MATLAB-Simulink model and the BSim reference model is 0.12 °C. The 
average absolute building heating power need difference between the MATLAB-Simulink model and the 
BSim reference model is 82 W (0.54 W/m²) which represents 3% of the maximum heating power need of 
the house. The difference in cumulative energy consumption over 2000 hours of heating period is 10.42 
kWh, which represents a relative difference of 0.88%. 
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Figure 60: Multi-zone heating power need BSim reference model vs MATLAB-Simulink model. 
 
 
Figure 61: Ordered heating power need of the multi-zone building models. 
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Figure 62: Cumulative heating need of the multi-zone building models. 
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3.3. Validation of the Building Model with BESTEST 
In addition to the previously presented validation tests for the building numerical model used in this study, 
the BESTEST validation method is used to certify its correctness and consistency. The BESTEST procedure is 
a comparison method used to evaluate building simulation models. It is based on benchmark test cases 
generated by the IEA-EBC Annex 43: IEA Building Energy Simulation Test (BESTEST) [69]. The BESTEST 
method is described in details in ASHRAE standard [70]. 
6 different BESTEST cases are tested with the MATLAB-Simulink building model and presented hereafter. 
The basis of the different test cases is a rectangular room (see Figure 63). 
 
 
Figure 63: BESTEST test cell. 
 
The envelope characteristics, orientation of windows and temperature set points vary between the 
different test cases. The main characteristics of the test cell are given in Table 9  for the base test-case 
C600. 
Test cell dimensions 8 x 6 x 2.7 m 
Walls U-value 0.514 W/m².K 
Roof U-value 0.318 W/m².K 
Floor U-value 0.039 W/m².K 
Windows dimensions 2 x 6 m² (south oriented) 
Windows U-value 3 W/m².K 
Windows solar factor 0.78 
Infiltration rate 0.5 vol/h 
Internal gains 200 W (60% radiative, 40% convective) 
Heating / cooling system Perfect unlimited system (100% convective) 
 
Table 9: Test cell description – C600. 
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In addition to the base case C600, the case C620 (C600 with on window East oriented and one window 
West oriented), the case C640 (C600 with night set back to 10 °C between 23:00 and 7:00), the case C900 
(C600 with heavy walls and outdoor insulation), the case C920 (C620 with heavy walls and outdoor 
insulation) and the case C940 (C640 with heavy walls and outdoor insulation) are also tested. These 
BESTEST cases are chosen to focus especially on the correctness of the calculation for solar internal gains 
and the proper behavior of a building with indoor temperature set point modulation and variation of 
envelope thermal mass. 
The output results of the different test cases are presented hereafter on Figures 64 – 72. The MATLAB – 
Simulink numerical model is compared with the results of other commercial software: ESP, BLAST 3.0, DOE 
– 2.1 D 14, SERIRES / SUNCODE 5.7, SERIRES 1.2, S3PAS, TRNSYS 13.1 and TASE. 
 
 
Figure 64: BESTEST heating needs comparison. 
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Figure 65: BESTEST cooling needs comparison. 
 
 
 
Figure 66: BESTEST maximum indoor temperature comparison. 
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Figure 67: BESTEST minimum indoor temperature comparison. 
 
 
Figure 68: BESTEST average indoor temperature comparison. 
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Figure 69: BESTEST C900 Free Floating annual hourly temperature frequency comparison. 
 
 
 
 
 
Figure 70: BESTEST free floating temperature profiles of a clear cold day. 
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Figure 71: BESTEST C600 heating / cooling needs during a clear cold day. 
 
 
 
Figure 72: BESTEST C900 heating / cooling needs during a clear cold day. 
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One can see on the previous figures that the MATLAB - Simulink model gives output results which are 
always within the results of the other software for the different test cases. It can therefore be considered 
that the MATLAB – Simulink building model is validated and can be used for numerical studies. 
 
3.4. Validation of Under Floor Heating System and Horizontal Ground 
Source Heat Exchanger with BSim Software 
The hydronic under floor heating system and the horizontal ground source heat exchanger are modeled in 
the same way. In the case of the floor heating system, the bottom surface is in contact with the 
underground temperature of the building and the upper surface is exposed to the indoor environment of 
the building. In the case of horizontal ground source heat exchanger, the bottom surface is in contact with 
the deep ground temperature and the upper part is exposed to the outdoor conditions. Apart from the 
number of layers, the thermal properties of the layers and the size of the pipes, the heat exchanger model 
itself is the same. 
The MATLAB-Simulink hydronic heat exchanger model is firstly tested in steady state conditions against the 
BSim reference model. One can see on Figure 73 that the temperature profile of the MATLAB-Simulink heat 
exchanger’s slab fits very well with the one of the BSim reference model. The average absolute 
temperature difference between the two models is 0.07 °C. 
 
Figure 73: Steady state temperature profile of a floor heat exchanger. 
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The MATLAB-Simulink heat exchanger model is then tested in heating and cooling mode as a floor heating 
heat exchanger in a test room with dynamic boundary conditions. The temperatures of the different 
thermal nodes and the heat transfer from the fluid to the slab in de MATLAB – Simulink model are 
compared with ones of the BSim reference model. One can see on Figure 74 – 76, that the temperatures 
and heat transfer of the MATLAB –Simulink model fit very well the ones of the BSim reference model for 
dynamic boundary conditions. 
The average absolute difference in heat transfer between the MATLAB – Simulink model and the BSim 
reference model is 3.2 W. The average absolute temperature difference in air temperature and pipe level 
temperature between the two models is 0.07 and 0.1 °C respectively. 
 
Figure 74: Floor heat exchanger heat transfer BSim reference model vs MATLAB-Simulink model. 
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Figure 75: Operative temperature in test room with floor heat exchanger BSim reference model vs MATLAB-
Simulink model. 
 
 
Figure 76: Pipe level temperature in test room with floor heat exchanger BSim reference model vs MATLAB-
Simulink model. 
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3.5. Validation of Vertical Borehole Ground Source Heat Exchanger with 
Experimental Data 
The vertical borehole ground source heat exchanger model is validated with the experimental data of 5 
different thermal response tests performed on real borehole heat exchangers in Denmark [71][72][73]. 
Different geometries, length and types of brine are tested (See Table 10). The input data are inlet flow and 
inlet temperature. The outlet temperature is compared between the experiment and the MATLAB-Simulink 
model. 
 
 
Table 10: Validation thermal response tests parameters. 
 
One can see on Figure 77 – 78 that the MATLAB-Simulink vertical borehole ground source heat exchanger 
model fits very well the validation experimental data. The difference between the model and the 
experimental data is most of the time below 0.2 °C. 
 
Figure 77: Vertical borehole GSHE thermal response test temperature profiles. 
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Figure 78: Difference between MATLAB-Simulink model and validation experimental data. 
 
3.6. Validation of Phase Change Material Model with the COMSOL Software 
and the Guarded Hot Plate Apparatus Experimental Tests 
First of all, the MATLAB implicit finite volume model with enthalpy formulation is tested for steady state 
conditions against the well-known and validated finite element method software COMSOL Multi-physics 
and analytical solution. The test sample is a 45 cm thick multi-layer wall made of concrete, stone wool, 
wood and metal. Each control volume is 1 cm thick. One can see on Figure 79 – 80 that the MATLAB-
Simulink model fits perfectly with the steady state analytical solution and the COMSOL reference model. 
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Figure 79: Steady state multi-layer wall temperature profile. 
 
 
Figure 80: Absolute temperature difference between MATLAB-Simulink model and steady state analytical 
solution. 
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The MATLAB-Simulink model is then tested with dynamic boundary conditions against the COMSOL 
reference model. The surface heat transfer coefficients are kept constant while the surrounding 
temperatures are varying with time as sinusoidal functions. There is no phase transition in this test. One 
can see on Figure 81 – 82 that the MATLAB-Simulink model fits very well to the COMSOL reference model. 
The temperature difference between the two models is most of the time below 0.02  
 
 
Figure 81: Temperature of the multi-layer sample test with dynamic boundary conditions. 
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Figure 82: Temperature difference between MATLAB-Simulink model and COMSOL reference model during 
the dynamic boundary conditions validation test. 
 
The PCM numerical model is then tested against experimental measurements performed with the hot plate 
apparatus in dynamic mode. 3 different PCM samples with different thickness and properties are prepared: 
BASF Micronal PCM paste, DuPont Energain PCM wall board and PCM plasterboard. Type K thermocouples 
are inserted inside the samples in order to record the temperature change in function of time. The 
uncertainty of the temperature measurement with the Type K Thermocouples is 0.15 °C [74].The thermal 
conductivity of the samples is measured with the guarded hot plate apparatus, the heat capacity is 
measured with a DSC and the latent heat of fusion is taken from manufacturer’s documentation. The PCM 
samples are placed in the guarded hot plate and a temperature increase ramp is applied while recording 
the temperature inside the center of the sample. 
One can see on Figure 83 that the model has good agreement for the 3 different PCM samples tested with 
the dynamic hot plate apparatus. However, at low temperature, the model and the experimental data have 
some divergence. This is due to the fact that the phase transition of the organic PCMs in tested samples 
occurs within a certain range of temperature while the model can only account for a phase transition at a 
fixed temperature. Therefore, the model underestimates the apparent total heat capacity of the material at 
temperatures below the average phase transition temperature. 
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Figure 83: Guarded hot plate validation test for PCM numerical model. 
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Conclusion 
This report presented in details the energy building numerical model used for the EnovHeat project, its 
different parameters and sub-systems. It has been demonstrated that this building model is able to 
simulate correctly the physics of dwellings with different levels of insulation and thermal masses, indoor 
content / furniture elements, phase change materials, heat pump systems with different heat sources and 
emitter configruations. 
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